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UNIVERSITY OF SOUTHAMPTON 
ABSTRACT 
FACULTY OF ENGINEERING AND THE ENVIRONMENT 
Doctor of Philosophy 
ASSESSMENT OF RESIDUAL STRESS USING THERMOELASTIC STRESS ANALYSIS 
by Andrew Ferrand Robinson 
The work described in this thesis considers the application of thermoelastic stress analysis (TSA) to the 
assessment of residual stresses in metallic materials. Residual stresses exist within almost all engineering 
components and structures. They are an unavoidable consequence of manufacturing processes and may 
cause the premature and catastrophic failure of a component when coupled with in-service stresses. 
Alternatively, beneficial residual stress may be introduced to enhance the component performance. 
Greater knowledge of residual stress and its evolution, will not only provide an opportunity to improve 
component manufacture and design, but may allow the potential life extension of current structures 
beyond their design life.  
Techniques for measuring residual stresses can be divided into two main groups. Destructive 
methods involve removing material, measuring the mechanical strain relaxation and back calculating the 
residual stress. These techniques are generally cheaper and more portable, but are not appropriate in 
many circumstances due to modification and damage to the component. Non-destructive techniques do 
not damage the component, but are typically more expensive, less portable and can require complicated 
calibration procedures to correctly interpret results.  
TSA is a well established non-contacting experimental stress analysis technique that is quick and 
portable, and the presence of residual stress is known to modify the thermoelastic response. However, 
this change is very small and of the order of the noise threshold and resolution of currently available 
infra-red detectors. Several methods for identifying residual stresses from the thermoelastic response 
have been suggested and are further explored in this thesis. Significant attention is given to the effect of 
plastic deformation on the thermoelastic constant,  and the influence of the mean stress on the 
thermoelastic response in stainless steel and aluminium.  
An investigation of the experimental setup is undertaken to optimise the detector settings, maximise 
the thermoelastic signal and minimise measurement errors. For metallic materials, a paint coating is 
typically required which may attenuate the response. A study of coating characteristics is presented, 
which compares the experimental and theoretical thermoelastic response. The importance of the coating 
is highlighted and recommendations for appropriate conditions are provided.  
The overall feasibility of applying a TSA based approach to residual stress assessment is considered 
by examining residual stresses around cold expanded holes in aluminium plate. Changes in the response 
are identified and attributed to the presence of residual stress. Laboratory X-ray diffraction is used to 
provide residual stress measurements. These are incorporated into a model of the thermoelastic response 
providing good agreement between experimental data and theoretical predictions within the region of 
interest. The potential for TSA to identify residual stress is demonstrated, and the study thereby 
represents a significant step towards understanding the role of TSA within the field of residual stress. ii 
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Chapter 1 
 
Introduction 
 
1.1 Introduction 
Residual stresses are typically caused by deformation experienced during manufacturing, 
assembly or service, and it is unlikely that a component in service would be completely free 
of residual stress. Having knowledge of these residual stresses is of great significance since 
they can cause the premature and catastrophic failure of a component when coupled with in-
service stresses [1]. Conversely, beneficial compressive residual stresses are often introduced 
to increase performance during the life of a component [2]. Typically, residual stresses are 
either categorised by their type (e.g. chemical or thermal), or by the scale over which they 
act (e.g. across a part, between grains or within a grain itself). Withers et al [1] outlined the 
possible origins of residual stress and their effects using length scale, defining 3 types. Type 
1 macro-stresses were characterised as acting over large distances, such as those induced 
from the bending of a bar, occurring during welding, or as a result of a heat treatment 
process. Type 2 (or inter-granular) stresses were defined as occurring over the grain scale 
and type 3 were categorised as stresses acting over an atomic scale.  
 
Current methods of residual stress measurement can be divided into two main groups. 
Destructive methods involve the removal of material or modification of the component and 
calculation of the original residual stress distribution by measuring the relaxation that occurs. 
Non-destructive methods estimate levels of residual stress using non-contacting methods 
such as X-ray diffraction or ultrasound, allowing the component to remain intact. There is a 
market for a new non-destructive technique for residual stress analysis that is inexpensive, 
portable and fast. Current methods are either expensive and time consuming, destructive and 
therefore often inappropriate, or they cannot easily be used on a component in service, 
requiring laboratory conditions to obtain measurements.  
 
Thermoelastic stress analysis (TSA) is a well established experimental  stress analysis 
technique [3] that is based on the measurement of a small temperature change as a result of 2 
 
 
cyclic  loading  within the elastic  region. The small temperature change, typically a few 
hundred millikelvin (mK), is directly proportional to the change in the sum of the principal 
surface stresses for a linear elastic, isotropic, homogenous material. When a material is 
subjected to a cyclic load, the strain induced produces a cyclic variation in temperature. The 
temperature change ( T Δ ) can be related to the change in the ‘first stress invariant’, 
) ( 2 1 σ σ + ∆ ,  i.e. the sum of the principal stresses [3]. An infra-red detector is used to 
measure the temperature change, which can then be related to the surface stresses using the 
following equation: 
) ( Δ Δ 2 1 0 σ σ KT T + − =   (1.1) 
 
where K is the thermoelastic constant, K = α / (ρCp), and α, ρ, Cp are the material constants 
of the coefficient of linear thermal expansion, mass density and the specific heat at constant 
pressure. TSA is a relatively fast technique that has seen particular application in the analysis 
of stress distributions in composite components, and has been proposed as a potential means 
of fulfilling the requirement for a fast and inexpensive residual stress assessment technique. 
 
As residual stress acts essentially as a mean stress, it has been accepted that the linear form 
of the TSA relationship given in Equation (1.1) does not allow its evaluation. In the 
derivation of Equation (1.1), adiabatic conditions are assumed and the influence of 
temperature dependent properties are neglected. However, there are situations where this 
linear relationship is not valid and these have enabled estimations of residual stresses. Small 
variations in the thermoelastic response that resulted from the temperature dependence of the 
elastic properties  permitted the measurements  [4]. However, these  changes in the 
thermoelastic response are of the order of a few mK, and are significantly less than those 
expected to be resolved in standard TSA.  It was shown [4]  that a revised form of the 
thermoelastic equation relating the rate of temperature change and the rate of change in 
stress can be written that includes the temperature dependent nature of the elastic properties: 
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where T   is the rate of change of temperature, E is Young’s modulus of the material, ν  is 
Poisson’s ratio and  ij σ is the stress tensor. Dotted terms in Equation (1.2) represent a rate of 
change. The first stress invariant,  kk σ is essentially the mean stress or residual stress sum, 
and  kk σ  is the rate of change of the first stress invariant with respect to time. It can be seen in 3 
 
 
Equation (1.2) that the temperature response is dependent on both the rate of the applied 
stress, and the stress state, i.e. the mean stress. It is now common amongst practitioners of 
TSA to refer to any temperature dependence of the elastic properties as ‘the mean stress 
effect’. 
 
The concept that TSA has the potential to be used for the measurement of residual stress was 
first proposed in 1987 by Wong et al [4]. The principle was based on the mean stress effect 
and the fact that the presence of residual stress would make a contribution to the mean stress 
in Equation (1.2) and thus contribute to the thermoelastic response.  
 
Unfortunately, no reliable technique for residual stress assessment using TSA  has been 
established thus far. Initial methodologies involved the measurement of the small second 
order effects associated with the mean stress under uniaxial loading conditions, and these 
effects were similar in magnitude to the noise threshold of the detectors.  More recent 
developments in infra-red detector technology have enabled greater temperature resolutions 
and thus led to a renewed interest this area. However, it can be seen from Equation (1.2) that 
it would be difficult to derive  kk σ  and  ij σ  directly as these are coupled with  kk σ   and  ij σ  . To 
evaluate residual stress using this approach would require some knowledge of the stress 
system to eliminate some of the terms, or an additional measurement. A different approach 
has been proposed in [5] which demonstrated that after plastic deformation has occurred it 
was possible to detect a change in the thermoelastic constant as a result of a change in 
material properties. It was proposed that the measured change in thermoelastic response 
could be used to obtain the level of plastic deformation that has been experienced by a 
component, and thus possibly provide an alternative route for determining residual stress.  
 
Previous work has examined specifically designed components, or specimens with certain 
characteristics such as those with high temperature dependent properties or containing large 
plastic strain. The purpose of this work is to build upon the previous proposals and assess the 
overall feasibility of applying a TSA based approach for residual stress assessment to a 
component containing realistic levels of residual stress. This involves furthering the 
understanding of previous ideas, validating approaches taken thus far, and bringing together 
the earlier work. Figure 1.1 shows a brief history of the evolution of residual stress 
evaluation using TSA from the initial concept to the present day research. The following 
section highlights many of the topics covered in this thesis, and provides an overview of 
where this research fits in to the subject of residual stress and TSA as a whole.  
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Figure 1.1  A brief history of residual stress assessment using thermoelastic stress analysis 
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In 1853, Lord Kelvin [6] established the theoretical foundations of the thermoelastic effect 
by relating the change in mechanical deformation to a change in temperature. Initial 
temperature measurements using iron-copper thermocouples showed good correlation 
between experimental values and those predicted by Kelvin’s theory. Further confirmation of 
the theory was presented in 1915 [7], and from this initial work, the well established theory 
now known as the ‘thermoelastic effect’ was developed as described by Equation (1.1). 
 
The next major development was made by Belgen [8] in 1967, in a paper investigating 
structural stress measurements using an infra-red radiometer. This work was arguably the 
first step towards the development of commercial infra-red detectors for stress analysis. 
Belgen’s extensive study first highlighted many important aspects of TSA that warrant 
consideration, namely the effects of thermal conduction, surface coatings, material 
anisotropy, non-adiabatic effects and the effects of certain material properties. Belgen also 
postulated that the thermoelastic temperature change was affected by the mean stress; this 
was one of the most significant developments in terms of combining residual stress 
assessment and TSA. It was proposed that these small ‘second order effects’ may exist as a 
result of the temperature dependent properties that were assumed negligible and neglected in 
the original derivation of Equation (1.1).  
 
Despite this initial investigation, which included an extensive list of further work and 
potential applications, there was very little development in this area until the late 1970s, 
which saw the gradual development of the first commercially available TSA system called 
SPATE (Stress Pattern Analysis by Thermal Emissions). The first international conference 
on thermoelastic techniques was held in 1984, and notable early work with the SPATE 
system included the analysis of pressure vessels [9], nuclear power plant components [10], 
and  an examination of a bridge under traffic loading [11]. Between 1987 and 1989, 
significant work was undertaken examining the mean stress effect on the thermoelastic 
response. The term ‘mean stress effect’ describes the influence of the mean load, about 
which the specimen or component is cyclically loaded. Machin et al [12] and Dunn et al [13] 
confirmed the effect of the mean stress in metallic alloys and composites that was first 
postulated by Belgen twenty years previously. Subsequently, Wong et al [14] developed the 
revised theory of Equation (1.2) which included the temperature dependence of the material 
properties and accounted for the effect of the mean stress. As a consequence of the revised 
theory, it was first suggested that TSA may have potential to be used for the assessment of 
residual stresses. Later, Wong et al [4] simplified the analysis of Equation (1.2) for a uniaxial 
system under sinusoidal loading, and showed that by measurement of multiple frequency 
components of the thermoelastic response, the cyclic stress amplitude and the mean cyclic 6 
 
 
stress could be obtained simultaneously. Comparison of this mean cyclic stress with the 
known applied mean stress could provide an estimation of the unknown residual stress. 
Some validation of the proposed theory was provided by comparison of two aluminium bars 
loaded in uniaxial tension; one bar was manufactured straight, the other manufactured curved 
and straightened to provide two geometrically similar specimens. Analysis of the changes in 
thermoelastic response enabled identification of areas of tensile and compressive stress, and 
some moderate agreement was found with strain gauge results, however no quantification 
was possible. Some additional interest and discussion followed, but no further work was 
pursued as the magnitude of the changes in thermoelastic response were considered too small 
to be reliably measured. 
 
Meanwhile, with the increased interest in thermoelastic stress measurement of metallic 
components, many studies focused on the influence of non-adiabatic effects and in particular 
the role of the surface coating. Metallic materials were typically coated with a thin layer of 
black paint to enhance the emitted radiation while reducing unwanted reflections. In 1987, 
McKelvie  [15]  followed on from Belgen’s initial commentary and identified that heat 
conduction to and from the surface coating was potentially the greatest source of error in 
thermoelastic measurements at that time. Mackenzie [16] considered this further in 1989, 
developing a theoretical model for the coating response that correlated well with 
experimental results. Several years later, Welch and Zickel [17]  showed that the 
thermoelastic response was dependent on loading frequency and paint thickness. It was 
shown that incorrect surface preparation can yield significant attenuation of the measured 
response in two separate experiments; firstly where grease was applied to the surface before 
coating, and secondly where three times the normal coating thickness was applied. 
Subsequently, some very rough guidelines for the preparation of the surface coating were 
established; however, the precision of the infra-red systems available at that point was not 
sufficient to highlight the sensitive coating effects that are now known to exist. 
 
The DeltaTherm systems were developed in the mid 1990s, and these incorporated a focal 
plane detector array in place of the single cell detector used in SPATE systems. The 
complicated internal mirroring systems that were used to obtain full-field maps using a 
single detector were no longer required. Although, the primary advantage was the significant 
reduction in data acquisition time, from the order of hours to a few seconds. The fast data 
collection time and high portability of the equipment, massively improved the practical 
application of TSA; with the increased attention, regular improvements in infra-red camera 
technology followed, leading to higher accuracy, greater temperature resolution and reduced 
signal to noise ratios. These advances led to a renewed interest in residual stress assessment 7 
 
 
using TSA, and the mean stress effect was revisited by Gyekenyesi [18] in 1999, observing 
the mean stress effect in nickel and titanium alloys. Gyekenyesi [19] later used TSA to 
investigate residual stresses based on measurement of the thermoelastic response at twice the 
loading frequency; the second harmonic component of the response was very small, but was 
measurable. However, only limited success was achieved. 
 
In 2004, Quinn et al [20] suggested a new approach for residual stress assessment based on 
the modification of material properties due to the application of plastic strain. The work 
investigated the change in thermoelastic response on the surface of a steel bar that had been 
bent (resulting in regions of compressive and tensile strain), in comparison with an identical 
bar that had been machined to the same curvature. It was concluded that the change in 
thermoelastic response was a result of a change in the linear coefficient of thermal 
expansion. Subsequent work published in 2008 by the same authors [5] focused on assessing 
the plastic deformation in bent pipe work using TSA, with a view to associating plastic strain 
to residual stress. The measured change in response due to deformation was encouraging; 
however, it was clear that further work would be required to fully understand the potential of 
this approach along with an investigation into the change in linear thermal expansion for 
compressive strain. 
 
In 2007, Patterson et al [21] developed an alternative approach, which also utilises the mean 
stress effect. Using the thermoelastic equations for a simplified uniaxial system derived in 
[4] it was shown that instead of measuring the response at the second harmonic loading 
frequency, the detector response could be directly related to the mean stress via elastic 
constants obtained from a calibration specimen. The theoretical basis for the work was 
established, albeit for a uniaxial system, but from an experimental standpoint only moderate 
success was achieved in measuring changes in thermoelastic response around a cold 
expanded hole, and it was not possible to relate these to residual stress. Finally, and most 
recently, in 2010 Galietti [22] adopted a similar approach to Patterson but first calibrated the 
raw thermoelastic signal into temperature data; the initial results appeared encouraging, 
however the investigation was purely theoretical, without experimental validation, and many 
assumptions were made.  
 
Each of the methods described are discussed in much greater details in Chapter 4. The 
primary disadvantage to all these approaches is that the component of the thermoelastic 
response associated with residual stress is very small, as thus difficult to measure. Even with 
the high resolution infra-red detectors now available the changes of interest for a typical 
component under realistic conditions are of the order of the noise threshold of the detector. 8 
 
 
In addition, the difficulties posed by surface coatings and non-adiabatic effects still exist, and 
the errors are perhaps even more apparent given the increased sensitivity of the equipment.  
 
1.2 Research objectives 
The overall aim of this research is to explore and develop a methodology that enables TSA 
to be used as a tool for residual stress assessment. It has been shown that it is possible to 
detect differences in the thermoelastic response through changes associated with the 
temperature dependence of the elastic constants and the mean stress effect [4, 23]. These 
differences have been proposed as a potential means of establishing residual stress based on 
thermoelastic measurements. Another approach has been suggested [20] that uses a change 
in thermoelastic constant to identify regions that have experienced plastic deformation. From 
this change in thermoelastic constant the magnitude of plastic deformation can be evaluated, 
and possibly related to residual stress. The purpose of this work is to establish if it is feasible 
to use TSA as a basis for residual stress assessment; the applicability of both approaches are 
evaluated, but particular attention is given to the plastic deformation based approach. 
 
The commonality between the potential approaches is that the thermoelastic response 
associated with the measurements is small compared to the global thermoelastic response 
due to the applied loading. It is necessary to identify small departures in the response, and 
therefore it is important to establish the source of any deleterious effects. It is known that the 
paint coating causes attenuation of the response and hence a primary objective of the work is 
to establish an experimental procedure, and a specimen preparation and paint calibration 
routine to  minimise signal noise, ensure consistency in testing and provide validity and 
reproducibility in thermoelastic measurements of metallic materials. 
 
Previous work [4, 5, 20, 23]  has  predominantly  examined components with very large 
amounts of residual stress, specially designed specimens or large amounts of plastic strain. 
The current work is focused on identifying regions of residual stress in a general component 
containing realistic levels of residual stress. Identification of these regions is based on the 
variations in response that are associated with the mean stress effect, or by recognising areas 
where plastic deformation has been experienced due to changes in thermoelastic constant. 
The component used in this work is a cold expanded hole in aluminium plate. This has been 
chosen since cold expanded holes have a relatively well defined residual stress distribution 
and will thus enable the feasibility of applying TSA to residual stress to be evaluated.  
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The primary objectives of this research have been divided into four major  sub-tasks as 
follows: 
 
A.  Review the previous work on residual stress using TSA, identify the approaches 
and areas that require further investigation and establish their potential 
applicability to a practical environment. 
 
B.  Establish the effects of the paint coating on thermoelastic measurements, and 
define a surface preparation procedure to minimise attenuation of the 
thermoelastic signal. 
 
C.  Assess the effects of plastic deformation on the thermoelastic constant, and 
investigate its potential to provide a route for determining residual stress. Extend 
this approach to a component containing realistic levels of residual stress. 
 
D.  Investigate the influence of the mean stress on the thermoelastic response in a 
component containing realistic levels of residual stress, and explore its potential 
as an approach to residual stress assessment using TSA. 
 
This thesis aims to bring together and build upon the previous work, identify areas that need 
addressing, and consider the practical application of these techniques with a view to 
assessing the feasibility of using TSA as a residual stress assessment tool. 
 
1.3 Novelty 
While there are many methods for residual stress assessment currently available, each 
technique has specific advantages and limitations. Destructive techniques are generally 
quicker  and cheaper, but they are not always practical in many circumstances [1]. 
Conversely, non-destructive techniques are advantageous in terms of the component 
remaining intact, however, they can be time consuming, labour intensive, are typically very 
expensive and can require complicated calibration routines. TSA has the potential to solve 
this problem and revolutionise the field  of residual stress analysis using non-contact 
methods. It is a relatively cheap, quick, portable and robust technique for measuring full-
field stress distributions. If it were possible to derive residual stresses using this technique, 
there would be huge scope for the application of TSA based methods in both an industrial 
and research setting.  
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TSA has shown potential in the field of residual stress analysis, but a definitive technique 
has not been established thus far [24]. Investigations into determining residual stresses using 
the mean stress effect have ultimately been inconclusive. The variations in the thermoelastic 
response were detected around cold expanded holes, however it was not possible to relate 
these directly to residual stress. Furthermore, the mean stress effect is only  detected in 
certain materials, limiting its applicability. It is the purpose of this work to further develop 
the method proposed by Quinn et al [5] that investigates the effects of plastic deformation on 
the thermoelastic constant, with a view to developing the method into a potential residual 
stress technique. Previous work [20] has shown that the application of plastic strain causes a 
change in thermoelastic constant. It is proposed that if this change in thermoelastic constant 
due to plastic strain can be defined, then a measured change in thermoelastic constant could 
be related to an unknown plastic deformation, which may then be used to provide 
information on the residual stress  state.  Many aspects of the previous studies remained 
inconclusive and warrant further examination, while many others have not been considered 
before. These include the effects of compressive strain, material directionality, and the 
effects of strain hardening. To facilitate this investigation, specimens have been designed 
that can undergo large amounts of compressive and tensile plastic deformation enabling the 
thermoelastic constant to be defined for a large range of plastic strain, lending a novel aspect 
to this work. 
 
Only metallic materials are investigated, and for these materials a paint coating is applied to 
enhance and standardise the surface emissivity to enable TSA to be performed. Ensuring a 
consistent surface coating is a  very important and difficult process. There is a need for 
improvement in specimen preparation techniques due to the very small temperature change 
that is being measured. Quantitative investigation into the significance of the surface 
coatings for TSA based on experimental data has not been published. Significant attention is 
directed in this area and a study into the optimum surface coating and a paint calibration 
procedure is presented. This involves analysing new paint coatings, assessing the effect of 
different paint thicknesses, investigating the effect of cyclic loading frequencies on the 
thermoelastic response, and ultimately forming a reliable procedure for preparation of the 
surface coating for a range of materials. This process would be required for any TSA based 
investigation, however there is an increased requirement in this work due to the 
exceptionally small magnitude of the changes that are of interest.  
 
As a whole, this research contains many challenging and novel opportunities for furthering 
knowledge of thermoelastic stress analysis, and in particular those relating to forming a new 
residual stress analysis tool. The culmination of this work is the analysis of a realistic 11 
 
 
component containing realistic levels of residual stress, which provides a unique opportunity 
to bring together and assess the overall feasibility of using TSA for residual stress 
assessment. 
   
1.4 Thesis structure 
The thesis begins with a general overview of residual stress in Chapter 2, in which the 
nature, type and origins of residual stresses are discussed. A review of the currently available 
destructive and non-destructive residual stress measurement techniques is provided. The 
advantages and limitations of each method are discussed, and the requirement for a new 
inexpensive, fast and portable technique is outlined. 
 
Chapter 3 outlines the fundamental theory of TSA and discusses the revised theory of the 
thermoelastic effect on which the potential for  residual stress assessment is based. The 
equipment and measurement techniques used for TSA are summarised, this includes a 
description of the basic detector characteristics, a brief history of the development of infra-
red detectors and a short overview of the TSA system used in this work. The practical 
application of TSA with respect to different materials is briefly discussed, followed by the 
consideration of non-adiabatic effects and other factors that can be deleterious to accurate 
TSA measurements. 
 
Chapter 4 specifically reviews the progress of residual stress measurement using 
thermoelastic techniques, highlighting the potential of a TSA based method for residual 
stress assessment. The approaches adopted in previous work are examined in detail, and 
areas that warrant further investigation are highlighted providing the motivation and novelty 
for this work. Finally, the experimental methodology used throughout this work is presented. 
 
In Chapter 5, the issue of the surface coating is considered in detail; the important paint 
coating characteristics are outlined and an existing theoretical model of the coating response 
is presented. The critical effects of paint type, paint thickness and applied cyclic loading 
frequency are experimentally investigated. Theoretical predictions of the preferred coating 
characteristics are then compared with the experimentally defined optimum coating 
conditions. Finally, guidelines are presented for the surface preparation of metallic materials 
for all future TSA work. In Chapter 6, an investigation into the experimental and detector set 
up is presented. The optimisation of the detector settings is paramount to allow accurate 
temperature measurements to be obtained, and a parametric study is performed to define the 
settings used throughout the work that follows. 
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The effect of plastic deformation on the thermoelastic constant for stainless steel and two 
grades of aerospace aluminium alloy is investigated in Chapter 7. The approach taken in 
previous work is validated, and further experimental work is performed to include effects of 
compressive strain, material directionality and the effects of strain hardening using a novel 
rig design. 
 
In Chapter 8, the overall feasibility of developing a TSA based approach to residual stress 
measurement is assessed through the investigation of a realistic component containing 
realistic levels of residual stress. The component inspected is a single cold expanded hole in 
the centre of an aluminium plate. Extensive experimental work is conducted to establish the 
material characteristics and the applicability of the different TSA based approaches to this 
material. The changes in thermoelastic response around the hole in specimens with and 
without residual stress are analysed, and laboratory X-ray diffraction is used to validate the 
residual stress field. The contributions of the mean stress effect and the effect of plastic 
deformation on the change in thermoelastic response is examined, and compared with 
theoretical predictions based on the fundamental equations of thermoelasticity. Based on 
these findings, the practical use of TSA in the field of residual stress analysis is considered. 
 
Finally, the main outcomes of the experimental work are summarised in Chapter 9, followed 
by ideas for further work and a vision for the future use of TSA in the field of residual stress. 
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Chapter 2 
 
Residual Stress 
 
Residual or ‘locked-in’ stresses are internal stresses that exist within a body in the absence of 
any applied load or thermal gradient. Typically, residual stresses arise due to misfits within 
the component, the assembly or within different regions of the material itself [1]. Residual 
stress can be introduced into an engineering component at any stage during its manufacture, 
and it is highly unlikely that a component in-service is entirely free of residual stress. 
Residual stresses are important because when combined with the applied stress they can lead 
to unexpected and premature failure of a structure or component. 
 
When considering the failure, structural integrity or life assessment of a component, it is 
often the case that the externally applied loads are the easiest aspect to consider. Additional 
factors that include microstructure, pre-existing defects and residual stresses may sometimes 
be included. While the prediction and incorporation of defects into fracture mechanics has 
been developed, the ability to predict and account for residual stresses in structural 
assessments is much less advanced. This is probably due to the fact that residual stresses are 
difficult to measure since they leave no visible sign of their existence. However, with the 
emergence of new measurement techniques and improvements in the modelling of residual 
stresses, the level of interest and research in this area is increasing rapidly. With a better 
understanding of the nature and evolution of residual stresses there is an opportunity for 
optimising the design and manufacturing processes of new components and improving the 
service life of current structures. 
 
This chapter outlines the potential origins and different types of residual stress. Current 
methods for measuring residual stresses are discussed with reference to their applicability to 
different industrial environments, and the advantages and limitations of non-destructive and 
destructive techniques are compared. There is an increasing demand from industry for 
quicker and cheaper methods of non-destructive residual stress assessment, and the potential 
for a TSA based method to fulfil this requirement is highlighted. 14 
 
 
 
2.1 Causes and types of residual stress 
Residual stresses are an almost unavoidable bi-product of manufacture, and common routes 
for introducing residual stresses are: (i) during the material production stage via deformation 
or thermal treatments, (ii) as a result of non-uniform heating or deformation during 
component manufacture, or (iii) during final assembly as a consequence of welding 
processes or the interference of multiple parts.  In addition, the level of residual stress within 
a component may evolve during its service life and therefore requires careful consideration. 
 
Typically, residual stresses are either categorised by their type (e.g. chemical or thermal), by 
their effect on mechanical behaviour, or by the scale over which they act (e.g. across a part, 
between grains, or within the grain itself). Withers et al [1] outlined the possible origins of 
residual stresses and their effects using length scale, defining three types. Type 1 stresses 
were characterised as acting over large distances such as those induced from the bending of a 
bar, occurring during welding, or as a result of a heat treatment process. These macro-scale 
type 1 stresses typically equilibrate over a distance comparable to the size of the component. 
Type 2 inter-granular stresses were defined as occurring over the grain scale; for example the 
stresses occurring from dissimilar thermal and elastic properties of differently orientated 
neighbouring grains. Finally, type 3 stresses were categorised as those acting over an atomic 
scale, which includes stresses involving coherency at interfaces, point defects and dislocation 
stress fields. Type 1 stresses are generally more significant in terms of how common residual 
stresses may affect the life of a metallic component [25], although the combination and 
evolution of type 3 and type 2 residual stresses can cumulatively induce failure. Focus in this 
project is directed at the type 1 residual ‘macro-stresses’, and those acting over a relatively 
large scale, i.e. a typical engineering component. 
 
It is important to understand how residual stresses are distributed within a component to 
define its performance characteristics. Furthermore, the knowledge of any potential residual 
stress allows it to be accounted for at the design stage and considered in the component life 
cycle; although the extent or precision to which it is possible to allow for residual stress 
during the design stage is limited, primarily due to the difficulty is predicting and measuring 
them. In many industrial situations it is not uncommon for the quantitative aspects of 
residual stress to be generally disregarded, and their effects to be compensated for by 
deliberate choice of manufacturing processes or considered small in comparison to the pre-
imposed regulations and safety factors. 
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If the residual stress is not known, premature structural failure may occur due to the 
combined effect of the residual and applied stresses [25]. A large amount of tensile residual 
stress would decrease the maximum applied stress that would normally be required to induce 
plastic deformation, or indeed failure. Conversely, a compressive residual stress could be 
advantageous, enabling a component to withstand a greater tensile applied stress; this is 
exploited in processes such as shot-peening  and the cold expansion of holes, where a 
beneficial residual stress field is imposed in critical areas to prevent the growth of fatigue 
cracks [25]. The principle behind many treatments is to plastically deform the component 
during manufacture as anticipated in service loading scenarios; this produces a residual stress 
field or an enhancement in material properties that will subsequently minimise future 
yielding when the component is active in a service environment. Some examples of these 
mechanical treatments include: auto-frettaging of cylinders and gun barrels, pre-stressing of 
springs, over-speeding of rotating discs and the shot-peening of surfaces. Processes such as 
induction hardening, carburising and nitriding may also be used to produce favourable stress 
fields by exploiting differences in material properties. In this work, particular attention is 
given to the beneficial residual stresses formed during the cold expansion of holes. The 
material immediately around the edge of the hole is plastically deformed, typically by 
forcing a tool through the hole; upon unloading this material is constrained by adjacent 
material that is only elastically deformed and therefore generates a region of compressive 
residual stress. This process is used extensively in the aerospace industry, and the beneficial 
compressive residual stress field reduces fatigue crack initiation and crack growth around the 
hole.  
 
2.2 Measurement techniques 
At present, there are several techniques available for measuring residual stresses; the current 
methods can be subdivided into two main groups, destructive techniques and non-destructive 
techniques. Destructive methods tend to be cheaper and quicker, and generally result in the 
component being destroyed or damaged; subsequently they are not always practical for an 
in-service industrial environment. Destructive methods are generally applicable to all 
materials. Non-destructive methods are typically expensive, difficult and time consuming, 
but are favourable in terms of the component remaining intact. However, non-destructive 
techniques are typically limited to certain material groups depending on the method. No 
single technique is capable of measuring across all the stress scales (type 1, 2 and 3). 
Therefore, it is necessary to identify the scale that is most important to the properties under 
consideration, establish the implications of the working environment, and ascertain the 
criticality of the component under inspection; only then can an appropriate residual stress 
assessment technique be chosen. 16 
 
 
 
While there is need for residual stress assessment throughout all engineering disciplines, it is 
the requirements of high-technology industries that is driving the need for new non-
destructive techniques. In the civil engineering environment, there is a much greater 
tolerance for destructive methods to be used on in-service components. There have been 
many examples of the hole drilling technique being used on building and bridge structures to 
determine the evolution of residual stress; in some circumstances these holes are filled, and 
any stress concentration arising is not sufficient to cause anything other than aesthetic 
damage. In contrast, the aviation industry has much stricter safety regulations and greater 
restrictions on weight and performance characteristics. A technique such as hole drilling is 
certainly not appropriate for an in-service evaluation of residual stresses on an aircraft, and is 
at best limited to individual components in a research environment. In such a situation, a 
non-contact, non-destructive approach is favourable, but at the same time, performing 
regular, time consuming and expensive measurements on an entire aircraft or large 
component is not feasible. Similarly, the nuclear industry adds further restrictions to the 
access and testing that is possible, in that a component cannot be destroyed or even damaged. 
However, residual stress analysis must still be performed to establish the structural integrity 
and performance characteristics while at the same time maintaining strict safety requirements 
and reducing costs where possible. 
 
Industry driven requirements for different approaches to residual stress assessment has 
created a demand for non-destructive methods for evaluating residual stresses, specifically 
for high-technology in-service environments. The quantity of research focused on 
investigating new methods and improving current approaches is evidence of this need, yet no 
quick and cheap method is currently available. The following sections summarise the 
existing residual stress assessment techniques that are commonly used, and provide an 
overview of their advantages, limitations and applications. 
 
2.3 Destructive methods 
Destructive residual stress measurement techniques are based on monitoring small changes 
in the distortion or geometry of a component, and they typically involve the generation or 
redistribution of residual stress by removing parts of the material. These methods are 
typically termed mechanical strain relaxation or relief (MSR) methods, and measurement 
and calculation of residual stress is performed by back calculation based on the relaxation 
that occurs during material removal. Destructive methods are comparatively quick and 
inexpensive, however their major disadvantage is that the component is damaged or 
destroyed during the process. In some cases they can be considered semi-destructive and 17 
 
 
used for in-service environments, without causing the failure of the component. However, 
they are most commonly used on components prior to, or after service life, to assess the 
evolution of residual stresses during the manufacturing process or from its service loading. 
While destructive methods of residual stress assessment are well established, having been 
first developed in the 1930s, they are still directly relevant to modern applications. 
Previously these methods were dominated by the use of strain gauges for measurement 
purposes; recent developments in optical techniques and modelling methods have yielded 
new opportunities for residual stress assessment using this long established technology [26]. 
Some examples of destructive measurement techniques include:  
 
2.3.1 Hole drilling 
Incremental centre hole drilling is a well established technique, and is often used in industrial 
applications as well as in research settings. A hole is drilled into a region of the component 
that  is thought to contain  residual stress. As a result the stress surrounding the locality 
relaxes into a different distribution; measurement of the change in distribution provides the 
means of back calculating the original residual stress state. The hole drilling method has the 
advantages of being quick, portable, having standardised test procedures,  and the 
implementation of the technique is relatively simple. Furthermore, the damage is localised to 
a small drilled hole, which may not always be critical to the component’s service life. In 
large components this technique may be considered semi-destructive since it may not have 
an effect on the overall performance of the component, or the hole may be filled afterwards. 
It is common to use the incremental centre hole drilling technique to identify residual 
stresses in reinforced concrete bridges and in tension cables of large constructions; these 
holes may then be filled with cement or aggregate to prevent stress corrosion cracking. 
 
The modern hole drilling technique dates back to the 1930’s [27], and the technique has 
since become well established. The only recent advancements have been in the drilling 
technology (to improve the dimensional accuracy and reduce imparted stresses) and in the 
measurement techniques used to evaluate the distortions due to stress relaxation. Initially 
measurements were largely obtained from a rosette of strain gauges located around the hole, 
from which an in-plane 2D residual stresses could be calculated. Incrementally increasing 
the depth of the hole would enable a 3D residual stress distribution to be obtained. It is still 
common to use strain gauges in this way, however, there now exist a large range of 
alternative techniques (largely optical) that have been used in conjunction with hole drilling 
and the other destructive methods discussed later. These optical methods allow the collection 
of more data and include: the use of brittle coatings, moiré interferometry, photoelasticity, 18 
 
 
holographic interferometry, electronic speckle pattern interferometry (ESPI), shearography 
and digital-image correlation (DIC). 
 
The brittle coating technique [28] was possibly the first optical method to be used with hole 
drilling for determining residual stress. A region of material thought to contain residual 
stress would be coated with a brittle lacquer. A small hole would be drilled through the 
coating and into the substrate. Relaxation of the residual stress causes a pattern of cracking 
to appear on the coating that was dependent on the stress state. Various empirical approaches 
could  then  be  used to extract the residual stress information from the cracked patterns, 
however, experimental uncertainties were found to be large and subsequently this approach 
is no longer exploited. 
 
The application of photoelastic coatings to materials containing residual stress is a similar 
process, and upon relaxation of the residual stress, the deformations appear as a pattern of 
isochromatic fringes that can be viewed with a polariscope. The technique has been 
successfully applied to welded joints [29], and used to observe the formation of residual 
stresses during cold expansion [30];  more recently its application to residual stress has 
become sporadic and photoelasticity is predominantly now used as an experimental stress 
analysis technique. 
 
Moiré interferometry requires a grating to be applied to the surface of the region of interest, 
and light beams illuminate the grating as described in [31]. Deformation of the surface after 
hole drilling causes diffracted beams to interfere, producing a fringe pattern that is related to 
the displacements in the surface plane. The advantage of this optical method is the higher 
sensitivity to small deformations and the commercially available equipment. In comparison 
to strain gauges,  Moiré interferometry also yields an  increase in residual stress data 
surrounding the hole that is available for analysis. Disadvantages include the sensitivity of 
the method to vibrations, and the requirement of applying a grating to a flat and smooth 
surface. Applications have been found in the analysis of  a variety of  manufacturing 
processes, including grinding [32], welding [33]  and shot peening  [34], however, the 
drawbacks limit this technique almost entirely to laboratory environments. 
 
Holographic interferometry was the first optical technique to be used to measure residual 
stresses by hole drilling that did not require a coating or grating to be applied to the surface. 
This gave it an additional advantage, in that it could be used on rough and curved surfaces; 
however it required isolation from vibrations to enable fringe patterns to be established. The 
method has been discussed in detail in [1]; to summarise, the region of interest is illuminated 19 
 
 
with coherent light, and residual stress distributions are determined from interference of a 
reference and object light wave due to stress relaxation upon hole drilling. 
 
Two further optical techniques for determining residual stresses from fringe patterns that 
result from hole drilling are ESPI and shearography. ESPI [35]  calculates surface 
deformations from fringe patterns caused by the superposition of object and reference light 
on a CCD (charge-coupled device) target. Images or speckle interferograms are recorded and 
simple digital subtraction or addition generates fringes from which the surface deformations 
can be calculated. Shearography [36] is a similar technique, however the fringe patterns 
depend on displacement derivatives rather than surface displacements directly. The 
shearography technique has not been developed to the extent of the other interferometry 
methods, even though it has a substantially reduced sensitivity to vibration.  
 
Digital image correlation (DIC) [37] has been used extensively to measure strain on the 
surface of a component. Typically, a speckle pattern is applied to the region of interest and 
reference images are recorded prior to any deformation; 3D displacements can be found by 
tracking the movement of previously defined data subsets from one image to the next. DIC 
can essentially be used as an optical strain gauge, acting as a full-field technique over a large 
area of a component. When used in conjunction with hole drilling, surface deformations 
caused by stress relaxation can be determined [38]. While the drawbacks include potentially 
time consuming calibrations to be performed prior to data capture, and a reduced sensitivity 
to deformations, the advantages over interferometric approaches are significant. An ability to 
correct for rigid body motions remove the requirement for vibration stability and there is a 
more direct determination of displacements compared to calculations based on fringe 
patterns and phase changes. However, the accuracy of the technique is highly dependent on 
the magnitude of the displacements, the applied speckle pattern, and user defined parameters. 
 
The optical approaches described provide an alternative to the well established use of strain 
gauges and provide a much larger data set from which residual stresses can be computed; 
however, there remain countless applications where the use of strain gauges would be 
preferable. Table 2.1 summarises the primary features of strain gauge and optical techniques.  
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Table 2.1  Comparison of features between strain gauge and optical techniques [39] 
Strain gauge measurements  Optical measurements 
Moderate equipment cost 
High pre-measurement cost 
Significant preparation time 
Small number of accurate and reliable 
measurements 
Stress calculations are relatively compact 
Rugged technique, suitable for in-service use 
Sensitive to hole-eccentricity errors 
High equipment cost 
Moderate pre-measurement cost 
 
Larger number of moderately accurate 
measurements 
Stress calculations can be large and time consuming 
Less rugged, mostly suitable for laboratory use 
Extensive capabilities for data averaging 
 
2.3.2  Deep hole drilling 
There is a second hole used drilling technique for residual stress measurement, known as 
deep hole drilling [40]. A hole is drilled through a component, and its internal dimensions 
are measured accurately. A trepanning tool is then used to cut a section from the main 
component that includes the original hole, yielding a tube like section. Any residual stresses 
will relax, and the hole dimensions are again measured; the change in dimensions can then 
be used to estimate the original residual stress level. Similarly to incremental hole drilling, 
this technique can be considered semi-destructive depending on the component under 
inspection. Incremental centre hole drilling allows for an estimation of near surface residual 
stresses,  but the accuracy of the measurement reduces quickly with depth and residual 
stresses are typically only provided for depths up to half the hole diameter. The key 
advantage of deep hole drilling is that it allows a much greater depth of penetration for 
residual stress measurement  (hundreds of mm). The technique is also portable and 
particularly suitable for thick sections and large components [41].  
 
Mechanical strain relief methods assume elastic unloading, however it is possible that a 
degree of elastic-plastic unloading may occur in a component containing high levels of 
residual stress. This can cause problems with the accuracy of  the residual stress 
measurement. Recently, a new procedure has been developed for measuring near yield 
residual stresses using the deep hole drilling technique with good results [42]. 
 
2.3.3  Contour method 
The contour method [43] is a relatively new technique that determines a 2D map of residual 
stress normal to the cross-section of a component. The component is cut into two parts using 
a high precision method, such as electric discharge machining (EDM), creating a precise cut 
that does not  cause additional plastic deformation. Considering a component containing 21 
 
 
residual stress,  the two surfaces deform to maintain internal equilibrium  due to stress 
relaxation after the cut. The resulting relaxed contour (or profile geometry) of the exposed 
surface is measured using a co-ordinate measuring machine (CMM) or by profilometry. 
Finally, Bueckner’s superposition principle is analytically applied to calculate the residual 
stress. Bueckner’s principle [44] states that: ‘if a cracked body subjected to external loading 
or prescribed displacements at the boundary has forces applied to the crack surfaces to close 
the crack together, these forces must be equivalent to the stress distribution in an uncracked 
body of the same geometry subject to the same external loading.’ Essentially, the cut, and 
now deformed surfaces become plane again if identical stresses to those which caused the 
deformation are applied in the opposite direction. This analytical step is typically done using 
finite element simulation [45] by applying the measured profile as a boundary condition to 
an FE model and ‘forcing’ the contour surface back into its original shape, allowing the 
residual stresses to be calculated. The contour method has been used for studying various 
manufacturing processes such as laser peening [46], hammer peening [47], friction stir 
welding [48] and fusion welding [49].  
 
The conventional contour method can only measure the residual stress component normal to 
the cut plane, yielding a 2D residual stress distribution, and the method also lacks accuracy 
at edges due to difficulty in measuring the perimeter of the region of interest. Other 
sectioning techniques can in principle determine 3D maps of residual stress by utilising 
multiple cuts in conjunction with strain gauge measurement. Recent work using the contour 
method with numerous cuts [50] has shown good results for measuring multiple components 
of residual stress. The contour method is a technique generating significant interest, although 
it is clear from the  highly  destructive nature of this process  that the component under 
inspection can no longer be used in future service applications. It is suitable for relatively 
thick components but is essentially a laboratory based technique. 
 
2.3.4  Crack compliance method 
The crack compliance, or slitting method [51] involves cutting a small slot into the surface of 
the component, and monitoring the relaxation of stress around it using strain gauges applied 
to the upper and/or lower surfaces of the specimen. By steadily increasing the depth of the 
slot, it is possible to resolve the stress field normal to the crack as a function of depth for 
relatively simple stress distributions. One advantage over the more commonly used hole-
drilling method is that the slitting method involves less material removal [52], and typically 
results in  larger areas of highly deformed material being  available  for measurement. 
However, when using a single slit, only stresses perpendicular to the slit can be calculated 
from the strain measurements, providing a significant limitation in comparison. 22 
 
 
Unsurprisingly, this method generally prevents the component being used in future service 
applications.  
 
ESPI has commonly been used to aid the residual stress measurement in several destructive 
techniques, including the crack compliance method. This non-contact technique avoids the 
expense of time and cost associated with the installation of strain gauges, while at the same 
providing a richer, full-field data set. Recently, a cross-slitting method [53]  has been 
proposed in conjunction with ESPI that enables residual stress measurement in all in-plane 
directions by cutting two slits across each other, overcoming the previous limitation. The 
cross-slitting method could be considered a variant of the hole drilling method with  a 
different shaped ‘hole’ that simply enables larger areas of deformed material to be measured. 
 
2.3.5  Curvature method 
A layer of material is deposited or removed from the surface of a specimen causing the 
component to deform as the residual stresses redistribute to maintain internal equilibrium. 
Layer removal is typically achieved using a chemical process, removing a very small layer of 
material without subjecting the component to the stresses that would normally be associated 
with machining. The change in the curvature as a result of the deformations can be measured 
by strain gauges [54] or optical techniques [55], and thus enables a calculation of residual 
stress. Generally this technique only provides accurate measurements at the very near surface 
of the component, but greater depths of the residual stress distribution can be achieved by 
incrementally removing material at the expense of the overall component. The technique of 
layer removal has been largely used to measure residual stresses in coatings and thin films 
[56], and in polymeric and injection moulded components [57, 58]. 
 
2.4 Non-destructive methods 
Non-destructive techniques by definition do not affect the stress distribution or attempt to 
change it by modification of the specimen. They are comparatively expensive techniques and 
are limited in material applicability, but their advantage is that they do not  require 
components to be damaged or destroyed. Instead they attempt to measure the residual stress 
distribution via more complicated non-contact methods. Non-destructive techniques may 
appear ideally suited to industrial environments since they do not modify the component, but 
they often require sensitive calibration, stress-free measurements and are only operational 
under certain conditions  rendering them inappropriate in many in-service environments. 
Nevertheless, the increasing efforts to make non-destructive techniques portable has lead to 
increased industrial applications as well as extensive laboratory research. Some examples of 
non-destructive techniques include: 23 
 
 
2.4.1  Ultrasonic techniques 
The ultrasonic residual stress measurement technique [59] is based on the acoustoelastic 
effect, whereby the velocity of elastic wave propagation through a solid is dependant on the 
mechanical stress. Typically a transducer is used to generate an ultrasonic wave and  a 
number of sensors applied to the surface of the component measure the wave propagation 
speed. However, it should also be noted that the change in ultrasonic velocity can be very 
small, and therefore difficult to measure. The relationship between changes in wave velocity 
and stress is the basis for this residual stress measurement technique, and can be used to 
provide a measure of the macro-stresses over large volumes of material. Ultrasonic methods 
may use a variety of different wave types (typically longitudinal waves, shear waves or 
Rayleigh waves), to extract information regarding the stresses within the material. 
Significant research has been carried out in this area and portable devices have been 
developed that enable residual stress measurements of in situ components in service. The 
longitudinal critically refracted (LCR) wave method requires acoustoelastic calibration and 
an accurate measurement of the time of flight in both stressed and unstressed media. 
Furthermore, the accuracy of the method is strongly dependent on the calibration parameters, 
which  are  obtained on a specimen of identical structure that is free from stress.  More 
recently laser ultrasonic methods [60, 61] have emerged that promise greater resolution and 
reduced measurement error.  
 
One of the major limitations of ultrasonic methods is that wave velocities also depend on 
many other characteristics of the material which can severely affect the accuracy of the 
residual stress measurement. These factors include: crystallographic texture and grain size, 
material composition, micro-stresses, multiple phases, and dislocation density. There are also 
difficulties in separating the effects of multi-axial stresses, which make it very difficult to 
obtain reliable measurements without using calibration on other samples.  Nevertheless, 
ultrasonic techniques have developed into established methods for estimating  residual 
stresses over relatively large distances and are capable of measuring the distribution through 
thick components. 
 
Despite being very sensitive to experimental setup, the technique is well suited to routine 
inspection procedures and industrial use on large components due to being portable and 
relatively cheap to undertake  [59]. In a laboratory environment the technique has been 
extensively used to investigate residual stresses in and around welded joints [62]. 
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2.4.2  Magnetic techniques 
There exist a number of magnetic and electromagnetic methods that can be used to obtain 
various material characteristics, including residual stress; however, only two techniques have 
been sufficiently developed into practical use. These are the MAPS (Magnetic Anisotropy 
and Permeability System) method which has been used in the analysis of rail cross sections 
[63] and aerospace bearing raceways [64], and the MBE (Magnetic Barkhausen Emission) 
method  with applications including the determination of welding residual stresses in 
pipelines [65] and assessment of residual stress evolution through grinding and fatigue [66]. 
The MAPS technique allows a greater depth of penetration, while MBE is limited to the near 
surface region. 
 
Residual stress measurement using magnetic techniques is based on the fact that the 
magnetic properties of ferromagnetic materials are sensitive to internal stresses. These 
methods are very fast, non-destructive and applicable to in situ measurements of components 
in industrial environments, and typically work by subjecting a component to a varying 
magnetic field. Ferromagnetic materials consist of magnetic domains, and within each 
domain all the atomic magnetic moment vectors are aligned in the same direction. As 
described in [67], a varying magnetic field causes interactions between the atomic moments 
causing movement and rotation of adjacent domains, this is termed ferromagnetism. The 
movement and alignment in turn generates a small strain in the lattice called 
magnetostriction. In the presence of residual stress, the orientation of the atomic magnetic 
moment vectors change according to the stress direction; as an example, in steel the 
magnetisation vectors point towards the tensile stress direction, and perpendicular to the 
compressive stress direction [68]. 
 
Whilst the ability to obtain residual stress measurements on a component quickly and in situ 
is a distinct advantage, magnetic techniques also have their inherent limitations. The primary 
disadvantage is the applicability to ferromagnetic materials only, limiting the approach to a 
relatively small number of engineering materials. In addition, like ultrasonic techniques, 
there are several factors that affect the magnetic response of a material, only one of which is 
residual stress. The magnetisation process is also influenced by micro-structural features 
such as grain size, dislocations, non-ferromagnetic phases, and precipitates such as carbides, 
as well as the alloy composition and the component geometry itself [68]. This can make the 
interpretation of results very complicated and obtaining residual stress measurements 
difficult. Subsequently, difficult and highly sensitive calibrations are usually required to 
characterise the material and obtain the magnetic response due to known applied stresses. 25 
 
 
Nevertheless, magnetic methods have developed into cheap and portable techniques for in 
situ non-destructive residual stress measurements for use in industrial environments. 
 
2.4.3  Diffraction techniques 
Diffraction techniques are possibly the most established non-destructive residual stress 
measurement techniques currently available. These include: neutron diffraction  [69], 
synchrotron diffraction [70] and laboratory X-ray diffraction [71]. The primary difference 
between each technique is the depth of penetration. While in principle diffraction based 
techniques are ideal for obtaining three-dimensional residual stress maps, they have some 
practical limitations in that the required beam time grows rapidly  with increased 
dimensionality of mapping. Nevertheless, diffraction techniques provide accurate 
measurements of residual stress, and are frequently being used as a means of validation and 
comparison for other residual stress assessment methods. 
 
Residual stress measurement using diffraction methods utilises the crystal structure of a 
material, and therefore they are only applicable to crystalline materials. The crystal structure 
of the material is used as an ‘atomic scale strain gauge’, and the occurrence of residual stress 
causes a strain in this structure. Since each crystalline material has a unique set of diffraction 
characteristics, the  lattice  strain can be determined  from comparison of the measured 
diffraction pattern to that from the known zero residual stress state. The residual stress is 
then determined from the measured lattice strain using the appropriate elastic constants for 
that material. It should be noted that measurement of the stress-free state can be difficult, 
time consuming, and a significant source of error [72].  
 
An alternative technique has been developed using the sin
2Ψ method that does not require 
the calculation of a strain-free lattice spacing; therefore the residual stress measurements are 
arguably easier and not prone to error due to an incorrect stress free measurement. However, 
there are many factors other than stress that can lead to changes in the lattice spacing [73]; 
these include local changes in composition, changes in temperature and geometrical effects 
associated with the sample, and therefore great care is required when interpreting diffraction 
results. These techniques can also be very sensitive to equipment set-up and the preparation 
of the component prior to assessment [74]. Nevertheless, diffraction techniques are now a 
well established form of residual stress assessment that enable non-destructive 3D strain 
mapping. Synchrotron and neutron diffraction can penetrate to much greater depths than 
those achievable with laboratory X-rays, however this is typically at the expense of a lower 
spatial resolution and scattering angle.  
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Laboratory X-ray diffraction is ideal for measuring near surface residual stresses, and typical 
X-ray sources allow for residual stress measurement between approximately 1 μm to several 
hundred μm from the surface depending on the material under inspection. In addition, it can 
be combined with layer removal techniques to obtain residual stress measurements for 
depths up to several millimetres. Examples of X-ray diffraction measurements include the 
investigation of shot-peened surfaces, variations in residual stress due to surface grinding, 
and the residual stress distribution in a welded railroad joint [72]. It is common for X-ray 
diffraction to be used to measure resultant residual stresses due to manufacturing and to 
provide validation for other measurement techniques. In the work presented in Chapter 8, X-
ray diffraction is used to provide residual stress measurements around cold expanded holes. 
Synchrotron and neutron diffraction techniques are better suited to residual stress 
measurement at much greater depths, primarily due to the fact that they are significantly 
more expensive to use, (only a limited number of synchrotron facilities in the world exist) 
and X-ray diffraction is adequate for near surface non-destructive measurements. 
Nevertheless, the emergence of dedicated neutron diffraction strain measurement facilities 
and third generation synchrotron sources that can produce very narrow high energy beams, is 
leading to a much increased interest in this area and opening up new opportunities for 
residual strain measurement. Synchrotron diffraction can be highly penetrating, enables very 
fast measurement and offers high spatial resolution, while neutron diffraction can allow for 
even greater depth measurements and can map very large objects. Recent studies have used 
X-ray and neutron diffraction extensively to determine residual stresses in welds [75], and 
recent developments include portable low energy X-ray devices, enabling in situ 
measurements. It should be noted that the maximum size of the component may be limited 
for laboratory X-ray diffraction, but is generally not a problem for synchrotron and neutron 
investigations due to the size of the facilities required. 
 
2.5 Summary 
Destructive methods tend to be a cheaper and quicker means of residual stress assessment, 
although they are not always practical for an in-service industrial environment as they 
destroy or damage the component being inspected. The hole drilling technique in particular, 
is a well established method that can in some cases be considered semi-destructive. The hole 
drilling  technique has proved invaluable for  residual stress evaluations of manufactured 
components in a laboratory environment, as well as numerous industrial applications where 
the damage is not critical to the life of the component or structure. In addition, the increasing 
use of optical techniques with the destructive methods is off-setting the preparation time and 
comparatively  small volume of data associated with strain gauge measurements. Non-
destructive methods, while favourable for the life of the component, are comparatively 27 
 
 
expensive and time consuming. X-ray and synchrotron diffraction are commonly employed 
in a research setting, while ultrasonic techniques have proved useful in a manufacturing and 
industrial environment. Often difficult and time consuming calibrations have proved the 
major limitation of non-destructive techniques as they can potentially manifest themselves as 
significant sources of error. 
 
Table 2.2 summarises and compares some of the different residual stress assessment methods 
that have been discussed. The relative factors of cost, time, portability and skill required for 
each technique are  summarised, along with their application to specific materials, and 
estimates of spatial resolution and depth of penetration. The differences between destructive 
and non-destructive methods have been outlined with a focus on type 1 macro-stresses that 
act over relatively large distances; however, there is another category that residual stress 
measurement  techniques can be grouped by: the scale or area over which the data is 
obtained. Point measurement techniques obtain the residual stress at a point only, whereas 
full-field techniques measure the residual stress at many points simultaneously, allowing a 
full-field image to be obtained. There are also techniques that could be considered ‘global’ 
measurement methods; this category relates to several destructive methods whereby the 
residual stress measurement is dependent on the size of the cut or amount of material 
removed, and the stress measurement is averaged across this area. Clearly, no single residual 
stress technique is without its limitations  and therefore  when determining the most 
appropriate method,  it is necessary to consider  the scale that is most important to the 
properties under consideration, the implications of the working environment, and the 
criticality of the component under inspection. 
 
Some of the typical origins of residual stress include plastic deformation from forging and 
rolling, or thermal processes such as quenching, non-uniform cooling, or welding processes 
and other localised heat treatments. In the event of potentially harmful residual stresses 
existing they can be removed by stress relief heat treatments, and beneficial residual stresses 
can be introduced through processing such as peening. However, there is an opportunity for 
residual stresses to be intelligently exploited to produce more accurate structural integrity 
assessments. To achieve this, not only is knowledge of the residual stress at the start of 
service life required, but also the evolution of residual stress throughout a components use 
and under different environmental conditions. Advancements in modelling and prediction of 
residual stresses, in conjunction with the development of non-destructive techniques capable 
of measuring residual stresses in situ, have the potential to yield significant safety and 
economic benefits throughout all engineering industries. 
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There is a requirement for a cheaper, quicker, more robust and portable, non-destructive 
residual stress evaluation technique. TSA is a well established, quick and portable technique 
for evaluating stresses in situ, and it has been proposed as a possible solution for a non-
contact, full-field and robust means of non-destructive residual stress evaluation. If it were 
possible to derive residual stresses using this technique, there would be huge scope for the 
application of TSA based methods to residual stress assessment in both an industrial and 
research setting and hence strongly justifies the work described in this thesis. 
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Table 2.2  Comparison of destructive and non-destructive residual stress assessment techniques [1, 25, 39, 43, 51, 54, 59, 70, 71, 73] 
Residual Stress 
Analysis 
Technique 
 
Destructive 
or NDE 
 
Global, 
Point  or 
Full-Field 
Penetration  Spatial 
Resolution  Materials  Portable  Time  Cost  Skill  Common Applications 
Curvature 
Method  Destructive  Global  Surface**  10 μm +  Wide 
Range* 
 
Yes 
 
Fast  Low  Low  Determining stresses within 
coatings and substrates 
Incremental 
Centre Hole 
Drilling (ICHD) 
Semi-
destructive  Point  10 μm – 
 2 mm  Limited 
 
Wide 
Range* 
 
Yes  Fast  Low  Low 
Civil Engineering Structures 
including bridges, buildings. 
Also, general components. 
Deep Hole 
Drilling (DHD) 
Semi-
destructive  Global  10 mm – 
500+ mm  Limited  Wide 
Range* 
 
Yes 
 
Fast / 
Medium 
Low / 
Medium 
Low / 
Medium 
Similar to ICHD, much better 
suited to thick components for 
depth penetration 
Crack 
Compliance  Destructive  Global  Near  
   Surface**  Limited  Wide 
Range* 
No  
(Requires 
EDM) 
Medium  Low  Low  Research into manufacturing 
and material processing. 
Contour 
Method  Destructive  Full-Field  10 mm +  10 μm + 
 
Wide 
Range* 
 
No 
(Requires FEA 
and EDM) 
Medium  Medium  Medium  Residual Stresses around 
welds. 
X-ray 
Diffraction  NDE  Point  2 μm – 
 2 mm 
20 μm – 
1.5 mm  Crystalline  Yes  Slow  High  Medium 
/ High 
Pipe lines, Gears, Pressure 
vessels, Railway lines, 
Aircraft components... etc 
Neutron 
Diffraction  NDE  Point  10 μm – 
 100 mm 
150 μm – 
 5 mm  Crystalline 
 
No 
 
Slow  Very 
High  High  Suitable for large engineering 
components. 
Synchrotron  NDE  Point  10 μm – 
 30 mm 
1 μm – 
1mm  Crystalline 
 
No 
 
Fast  Very 
High  High  Commonly used for residual 
stress analysis in weld areas. 
Ultrasound  NDE  Global  1mm – 
 20 mm  1 mm +  Wide 
Range* 
 
Yes 
 
Medium  Medium  Medium 
Structural components, 
Fatigue assessment, Pressure 
vessels… etc 
Magnetic 
(MAPS/MBE)  NDE  Global  10 μm – 
 10 mm  1 mm +  Ferrous 
metals 
 
Yes 
 
Fast  Low  Medium 
In situ investigation of 
industrial components and 
welds 
* = Almost all, potentially some exceptions, ** = Progressive, and can be repeated throughout the entire component, NDE = Non-Destructive Evaluation,  
EDM = Electro-discharge machining, FEA = Finite Element Analysis 
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Chapter 3 
 
Thermoelastic Stress Analysis 
 
3.1 Introduction 
The chapter describes the theory upon which thermoelastic stress analysis (TSA) is based 
and provides an overview of the fundamental equations. A brief history of infra-red detectors 
that have been used for TSA is included, alongside a description of the Cedip infra-red 
system used in this work. Finally, the important considerations of non-adiabatic effects are 
considered. 
 
The underlying principle of what is now termed the thermoelastic effect was first observed 
by John Gough in the late 18
th century [76], and Lord Kelvin [6] established the theoretical 
foundations of thermoelasticity in the 1850s. TSA is now a well established non-contacting 
analysis technique that provides full-field stress data over the surface of a cyclically loaded 
component. TSA is based on the small temperature changes that occur when a material is 
subject to a change in elastic strain, generally referred to as the ‘thermoelastic effect’. For a 
linear elastic, homogenous material the rate of change of temperature (T  ) is a function of 
the applied deformation in the form: 
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where  0 T  is the absolute temperature, ρ is the density,  ij σ
 
is the stress tensor,  ε C  is the 
specific heat at constant strain,  ij ε
 
is the strain tensor and Q   is the heat input to the system 
from external sources. 
 
3.2 Thermoelastic stress analysis 
When a material is subjected to a cyclic load, the strain induced produces a cyclic variation 
in temperature. The temperature change (∆T) can be related to the change in the ‘first stress 32 
 
 
invariant’,  ) ( Δ 2 1 σ σ + , i.e. the sum of the principal surface stresses [3]. An infra-red detector 
is used to measure the surface temperature change, which can then be related to the stress 
using the following equation: 
 
) ( Δ Δ 2 1 0 σ σ KT T + − =   (3.2) 
 
where K is the thermoelastic constant, K = α / (ρCp), and α, ρ, Cp are the material constants 
of the coefficient of linear thermal expansion, mass density and the specific heat at constant 
pressure, of the material respectively. It should be noted that Equations (1.1) and (1.2) have 
been repeated for ease of explanation, and are referred to as Equation (3.2) and (3.3) from 
here on. 
 
The basic equation for TSA (Equation (3.2)) can be derived from Equation (3.1) as shown in 
Appendix B, and is valid for any linear elastic, homogenous material at room temperature, 
assuming there is no heat transfer within the system ( 0 = Q  ). The analysis that leads to 
Equation (3.2) is dependent on three important assumptions [3]:  
 
(i)  the material behaviour is linear elastic, 
(ii)  the temperature changes in the material occur adiabatically, 
(iii)  the relevant material properties are not temperature dependent. 
 
Although these assumptions have been shown to be valid for most applications, they may not 
hold true for some materials, particularly those with high sensitivity to temperature or where 
a high mean stress is applied. For the small changes in temperatures associated with the 
thermoelastic effect, the thermoelastic constant, K, is assumed to be a material constant that 
is independent of the stress field. However, K  is a function of the coefficient of linear 
thermal expansion, α, which has been shown to be stress dependent.  
 
It was Belgen [8] that first observed that this linear equation was not always correct. As a 
consequence of the temperature dependence of the thermoelastic constant, Belgen proposed 
that the temperature change was also dependent on the applied mean stress; later experiments 
by Machin et al [12]  confirmed the existence of a mean stress dependence of the 
thermoelastic response. The assumptions above were reviewed by Wong et al [14], who 
proposed a review of the general theory of the thermoelastic effect that did not rely on the 
previous assumptions. The assumption that the material properties are independent of 33 
 
 
temperature was rejected. As a consequence, a more complicated non-linear relationship 
between the temperature difference and the stress components was derived such that: 
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where T   is the rate of change of temperature, E is Young’s modulus of the material, ν  is 
Poisson’s ratio, and σkk is the first stress invariant.  
 
Equation (3.3) is known as the ‘revised higher order theory’ and accounts for the temperature 
dependence of the material properties that are contained within Equation (3.1). It is 
important to note that assumptions (i) and (ii) are retained in the derivation, and Equation 
(3.3) can be integrated over a time period from the initial to final states to obtain the 
temperature change, ∆T, resulting in an equation that takes a similar form to that of Equation 
(3.2).  
 
TSA is a relatively simple and well proven technique  for measuring full-field stress 
distributions in both laboratory and industrial environments. It has been used successfully in 
a wide range of applications and materials, perhaps most notably, its application to 
composite materials. Studies have included the analysis of a GRP tee-joint [77], a helicopter 
rotor-hub under multi-axial load [78] and determination of stress intensity factors at crack 
tips [79]. One of the main advantages of the TSA technique is that it is non-contacting and 
requires little preparation of the surface under inspection. For instance, composite materials 
generally have a high and uniform emissivity requiring no preparation, while metallic 
materials can be coated with a thin layer of matt black paint to achieve appropriate 
conditions for stress measurements. This is significantly easier than applying the gratings or 
coatings that are required for interferometric or photoelastic methods. A further benefit is 
that knowledge of the location of stress raisers is not necessary prior to analysis due to the 
full-field nature of the technique. One disadvantage is the necessity for cyclic loading to 
achieve the temperature change, which limits its application in an industrial environment, 
however recent work on transient loading of composite materials [80] has shown significant 
promise, allowing thermoelastic measurements to be recorded from a single impulse load.  
 
3.3 Equipment and measurement 
In basic terms, the two requirements for TSA are firstly, a means of applying a cyclic load to 
a component in order to generate a temperature change, and secondly, a means of accurately 34 
 
 
measuring this temperature change. In this work the equipment generally takes the form of a 
servo-hydraulic test machine and a Cedip 480M infra-red detector. 
 
Most infra-red detectors utilise a charge-coupled device (CCD) to obtain a digital signal that 
is proportional to the illumination intensity. A semi-conductor material that is sensitive to 
light within the infra-red wavelength is incorporated, and allows charge to accumulate 
proportional to the intensity of light received. This charge is then converted into a voltage 
which is typically sent to an analogue to digital converter for conversion into a digital signal. 
The Cedip system utilises a CCD array which consists of multiple squares of semi-conductor 
material that allow simultaneous measurement of multiple points, allowing full-field maps of 
light intensity to be obtained from across the surface of a component. These detector arrays 
provide a digital image of the signal that can be further processed into temperature data, for 
example. There are a number of variables within each CCD that make them suitable for 
particular applications, and in the current work, it is noise, image resolution and imaging 
frequency that are the most important factors. Noise is a factor within all CCDs and can be 
reduced when the CCD is cooled, but never completely eliminated. Image resolution is 
determined by the number of pixels within the CCD array, and the maximum data capture 
rate, or image frequency is generally governed by the rate at which data can be transferred. 
Therefore there is a strong relationship between image resolution and frequency.  
 
There are two main types of photovoltaic infra-red detectors that provide surface temperature 
information and form the basis of many thermography techniques, one of which being TSA. 
Mercury cadmium telluride (MCT or HgCdTe) devices can be sensitive to radiation between 
2 and 16 μm wavelengths. In comparison, the spectral response of Indium Antimonide 
(InSb) detectors is 2 to 5.5 μm. Both types of detector require significant cooling and operate 
at approximately 77 K. When selecting an infra-red detector it may be necessary to consider 
wavelength, response time, cooling, area and shape, number of elements, detectivity, and 
responsivity, in relation to the particular application. However, in most circumstances the 
main consideration is cost and MCT based detectors are significantly more expensive than 
InSb detectors, and only provide a significant advantage in a few scenarios, typically at 
longer wavelengths (8 to 13 μm) where an increased signal could be obtained at room 
temperature.  
 
3.3.1 TSA systems 
The first commercially available TSA system was called SPATE (Stress Pattern Analysis by 
measurement of Thermal Emission). The system incorporated a single-cell detector with the 
output signal aligned with the reference loading signal to reduce noise by filtering out any 35 
 
 
signals not at the loading frequency. An internal mirror system allowed a point by point scan 
of the surface of a component to obtain a full-field stress map, and thus the major 
disadvantage of the SPATE system was that a scan could take several hours to complete. 
Nevertheless the technique was used extensively and conclusively, producing results 
practically identical to theory in a study of plates under in-plane loading [81]. Noteworthy 
initial practical applications included the stress monitoring of pressure vessels under 
simulated service loads [9], in situ monitoring of a bridge under traffic loading [11], and a 
study of nuclear power plant components [10]. In the early 1990s, thermoelastic stress 
analysis was becoming an established technique for accurately obtaining full-field stress 
maps, however the application of the technique was time consuming.  
 
The evolution of infra-red camera technology in the form of the DeltaTherm system by 
Stress Photonics provided a solution for this issue. By incorporating a 128 x 128 Indium 
Antimonide (InSb) focal plane array detector, the scan time could be reduced from a matter 
of hours to seconds. With an array, the need for a complicated mechanical mirror system was 
negated, and the inclusion of digital acquisition and processing software further improved 
the system; the technique was now far more portable, with realistic opportunities for in-
service use. The DeltaTherm system provided a means of using the thermoelastic signal to 
obtain real-time fatigue damage accumulation and crack growth that was previously 
impossible.  
 
Obtaining the thermoelastic signal was relatively straight forward, however it needed to be 
calibrated and processed to provide quantitative values of stress on the surface of a 
component. Typically it was necessary to apply a calibration constant, A, to the recorded 
thermoelastic signal, S, which relates it to the sum of the principal stresses as shown in 
Equation (3.4): 
 
) ( Δ 2 1 σ σ AS + =   (3.4) 
 
The calibration constant, A, is a function of the detector responsivity, the thermoelastic 
constant, a temperature correction factor, the emissivity of the surface, an amplification 
parameter that is dependent on system parameters and most importantly the background 
temperature. Direct calibration using material and detector properties is not straightforward 
and is a process highly prone to error since the various detector properties are not always 
available, and will also vary due to environmental conditions. An alternative was to calibrate 
against a known stress in a calibration specimen, obtain the detector signal and calculate the 36 
 
 
constant for each material experimentally, such that it could be applied to the recorded data 
at a later stage. This is a more accurate procedure, but can still be prone to error. 
 
Not only have recent developments in camera technology reduced noise content and enabled 
a much greater temperature resolution, but radiometric calibration of the Cedip system has 
enabled temperature data to be directly obtained, negating the need to obtain a calibration 
constant. Conveniently, the TSA system used to measure the thermoelastic response in this 
work obtains the absolute, maximum and minimum temperatures such that the temperature 
change, ∆T, is readily obtained, and thus quantitative stress measurements can be calculated 
directly using Equation (3.2).  
 
3.3.2 Cedip system 
The Cedip ‘system’ consists of three key parts: a camera unit (or detector) for data capture, a 
computer system for data handling and processing, and several software packages. Altair 
software is used for the viewing and processing of thermal image data, Altair LI is used for 
TSA data processing, and Random Motion software is used for motion compensation. The 
detector model used is a Cedip Silver 480M; it comprises two over-laid 320 x 256 element 
Indium  Antimonide (InSb) CCD detector arrays, and two corresponding sets of internal 
buffers that enable sequential data capture. By overlaying the two detector arrays, continuous 
data capture can be achieved at rates of up to 383 frames per second for a 320 x 256 field of 
view. The rate of data capture can be user defined up to a maximum of 383 Hz; however it is 
possible to obtain data at faster data capture rates by windowing the image.  
 
The infra-red photon detector in the core of the Cedip Silver 480M camera is sensitive to the 
photon flux received within the 3 –  5  μm  wavelength  range.  Each  detector  element 
accumulates charge which generates a voltage that is then digitised by an internal processor 
and sent to the computer as an uncalibrated signal in digital level, DL, units. Radiometric 
calibration files for different temperature ranges, integration times, and lens configurations 
are stored within the system, enabling the infra-red data in DL units to be converted to 
temperature or radiance data. To convert the ∆DL signal into ∆T measurements, the system 
first correlates the average DL value to a temperature using a pre-defined calibration curve, 
then the local gradient of the curve at that temperature is used to convert from ∆DL to ∆T. 
Having obtained T and ∆T, if the material thermoelastic constant is known, the system is able 
to output the stress field directly using Equation (3.2). Alternatively, data can be exported 
from the software in a suitable format for further manipulation in other data processing 
programs, e.g. Matlab.  
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The detector is calibrated annually using a series of black bodies of known temperature 
therefore the error in T and ∆T is considered negligible when compared to the system noise. 
The system uses a lock-in amplifier acting as a filter such that only the signal component 
occurring at the input loading frequency is recorded. This significantly reduces the noise 
content from background sources. The noise equivalent temperature difference (NETD) of 
the Cedip Silver 480M system is 15.56 mK, however for TSA, the lock-in technique allows 
the NETD to be reduced to approximately 4 mK [82]. By employing long data collection 
integration times this can be reduced further. 
 
Two lenses are available for the system; an inbuilt 27 mm lens can be used for objects that 
are at a distance of 150 mm or further, or a G1 magnifying lens can be used to study objects 
at a distance of approximately 10 mm. Between the ranges of 10 to 150 mm, there is no 
available optical configuration. Noise may be introduced into the measurements due to rigid 
body motion occurring due to the applied cyclic load. This is typically only significant when 
using the G1 lens for high resolution measurements; however, a motion compensation 
routine can be applied to remove any rotation or translation that occurs during loading.  
 
The Cedip system differs from the previous full-field TSA systems in three important ways; 
firstly, the motion compensation routine allows data to be obtained at high resolution. 
Secondly, the system can provide thermal images and video data (new DeltaTherm systems 
also have this capability), that can then be processed in a variety of ways and exported to 
other software. Thirdly, the system’s radiometric calibration enables direct values of T and 
∆T to be obtained, consequently allowing for easier quantification of thermoelastic data. The 
key benefit of the Cedip system over its predecessors is the radiometric calibration feature. 
The detector can also output an image of the mean surface temperature allowing localised 
heating or background temperature gradients to be identified, as well as a phase image that 
can be used to identify areas of tension or compression. The temperature change should be in 
phase with the load signal if the specimen (or area of interest) is under compression or 180º 
out of phase if under tension. For more complicated geometries where sections of the 
component are in compression and others in tension, the phase image is a very useful tool. 
The phase data can also be used to indicate if adiabatic conditions have been achieved, since 
any non-adiabatic behaviour  would  become immediately apparent  in the phase angle 
information. Possible causes for non-adiabatic affects are further discussed in Section 3.5. 
 
3.4 Materials and applications 
TSA provides a stress map over the surface of a component, and while it is applicable to a 
wide range of materials, there are important differences in the method of stress calculation 38 
 
 
and surface preparation for different materials. For homogenous isotropic materials, it is 
simple to use Equation (3.2) to evaluate stresses from measured temperature data and 
material properties. This is the case for metallics, and as a result the only difficulty posed 
with this group of materials is their surface finish. Typically it is necessary to apply a thin 
coating of matt black paint to provide a uniform and high surface emissivity, however this is 
known to cause signal attenuation if applied incorrectly. As the focus of this work is directed 
at the small variations in the thermoelastic response of metallic materials, extensive research 
into surface preparation has been undertaken, and is discussed in detail in Chapter 5. 
 
In comparison, the application of TSA to orthotropic materials is less straightforward, yet 
significant work has been directed at the use of TSA with fibre-matrix composite materials. 
For a fibre-matrix composite material, the coefficient of thermal expansion is likely to be 
different in each direction, and therefore it is necessary to modify Equation (3.2) to account 
for the differences in material properties. Equation (3.5) shows the general thermoelastic 
equation for an orthotropic material. 
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where 
p
11 α  and 
p
22 α  are the principal coefficients of thermal expansion of the material, and 
11 σ ∆ and  22 σ ∆   are the changes in the normal stresses in the directions of the principal 
material axes. 
 
Equation (3.5) appears relatively simple, however, it is not necessarily easy in practice to 
obtain the directional coefficients of thermal expansion. Typically, Equation (3.5) is re-
written in the form of Equation (3.2) to contain two directional thermoelastic constants, 
which can be obtained from experimental work and calibrated against a known stress. While 
the stress calculation may be more complex for composite structures, routines and 
procedures have been developed such that this issue no longer creates any significant 
difficulty, providing that a complete set of material properties are known or can be 
experimentally obtained.  With regards to surface preparation, again a contrast is found 
between metallic and composite materials. Generally composite materials, e.g. a glass-epoxy 
laminates, have a sufficiently high emissivity for TSA measurements to be obtained with 
only a light abrasion of the surface necessary to provide a matt finish. 
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There is one significant difference between the TSA of metallic and composite materials. 
Since TSA is a surface technique, it can only provide information regarding the principal 
surface stresses, and with the founding assumption that there is no heat transfer within the 
specimen, for an isotropic material, the through-thickness stress and temperature data is 
unobtainable. However, for a typical orthotropic composite specimen, the thermoelastic 
response on the surface is also dependent on the fibre orientation and composite lay-up, not 
necessarily that of the surface laminate only. It has been shown that there can be a significant 
contribution to the surface temperature change from subsurface layers [83] and it is also 
known that non-adiabatic conditions may arise from interlaminar heat transfer [84]. This 
could be regarded as a significant disadvantage in that the original thermoelastic equations 
do not completely account for the stress induced temperature changes that are being 
measured. On the contrary, the surface stresses and strains can easily be obtained using other 
methods, and this behaviour allows the collection of additional information regarding 
through-thickness stresses and presents an opportunity to observe damage accumulation 
within composite materials.  
 
3.5 Non-adiabatic effects 
The main disadvantage of TSA is that if non-adiabatic conditions prevail then the measured 
temperature change will not be as a result of the stress change alone [85], and non-linear 
effects will modify the measured response. Equations (3.2) and (3.3) are based on the 
assumption of adiabatic conditions, i.e. there is no heat transfer in or out of the system. 
Under adiabatic conditions, an applied stress causing a local volume variation will 
subsequently cause a local variation in the temperature of that volume. These conditions are 
achieved where a uniform stress distribution occurs and the cyclic loading frequency is 
sufficient to ensure no heat loss to the surroundings. For a general stress distribution, suitable 
adiabatic conditions for TSA are achieved if the cyclic loading frequency is high enough, 
(usually between 10 Hz to 30 Hz for metallic materials [86]), such that the heat flow between 
points of the sample (dictated by the projected detector array spacing) is negligible. 
 
The adiabatic criterion of the thermoelastic theory is very important; however in practice it is 
not generally possible to achieve perfectly adiabatic conditions and therefore understanding 
how such non-adiabatic effects bias the measurements is necessary. As noted previously, in 
some materials modelling of thermal behaviour coupled with an understanding of the non-
adiabatic effects may enable some additional information to be obtained [87]. Although for 
metallic materials, the existence of any non-adiabatic conditions is generally considered 
deleterious. Under such conditions, heat diffusion must be taken into account, as the 
diffusion will attenuate the temperature gradients causing an underestimation of the stress 40 
 
 
field. Non-adiabatic behaviour has been the subject of a number of previous studies [85, 87] 
and the following three factor have been identified as influencing adiabatic behaviour [86]: 
 
(a)  Factors that are geometry and loading dependent, i.e. the stress 
gradient and hence temperature gradient which will result from 
geometric features. Generally a large stress gradient will require a 
higher cyclic loading frequency to maintain adiabatic conditions and 
ensure no heat flow occurs between points of the specimen. 
 
(b) Factors that are material dependent, i.e. the thermal conductivity, k, 
and thermal diffusivity, γ.  
 
(c)  Factors that are test dependent, i.e. the loading frequency, loading 
amplitude and surface finish or coating. It is clearly important that 
during cyclic loading the specimen does not enter the plastic region; 
and as before, the loading frequency must be sufficiently high to 
prevent any heat transfer within the specimen. For experiments 
conducted on metallic specimens, such as this work, the loading 
frequency has a further significance, since it is explicitly linked to 
effects of the high emissivity surface coating. 
 
Attenuation of the thermoelastic signal can be caused by any of the factors listed above, and 
it is evident that they are very much related. All of these factors must be considered in 
parallel, and their effects reduced to improve the accuracy of thermoelastic measurements. 
Work undertaken by McKelvie [15]  concluded that for work on metallic specimens the 
major factors causing signal attenuation are dominated by conduction to and from the 
surrounding material, and the insulation effects of the paint coating. As a potentially 
significant source of error for all TSA of metallic materials, the effects of the surface coating 
are investigated at length in Chapter 5.  
 
3.6 Summary  
TSA is a well established non-contact full-field experimental stress analysis technique that is 
based on the measurement of a small temperature change that occurs as a result of elastic 
loading. The Cedip infra-red system used in this work is relatively simple to use for 
capturing thermoelastic data. Obtaining meaningful results however, is not necessarily 
straightforward. This chapter has discussed the foundations upon which the technique of 
thermoelastic stress analysis is based and the assumptions that have been made were 41 
 
 
highlighted. The focus of this work is on metallic materials, and therefore any difficulties 
posed by composite materials are not considered. One of the important assumptions in the 
derivation of thermoelastic theory is that the temperature change occurs adiabatically. The 
effects of non-adiabatic behaviour and the difficulties and limitations posed have been 
discussed, meanwhile the potential to obtain additional information due to non-adiabaticity 
in composites has been outlined. Similarly, extracting additional information from the 
thermoelastic response due to temperature dependence and non-linear effects is also the 
starting point for TSA based residual stress assessment. 
 
The current methods of residual stress assessment using TSA involve measurement of very 
small changes in the thermoelastic response, and are discussed in the following chapter. With 
respect to the very small nature of the changes of interest, establishing correct conditions for 
TSA is clearly important and there are some very important considerations, including: 
specimen and system calibration, the effects of non-adiabatic conditions, and the need for 
surface preparation for metallic materials. These factors all play a significant role in the use 
of thermoelastic stress analysis and have been shown to affect results considerably; these are 
all discussed in the following chapters.  42 
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Chapter 4 
 
Residual Stress Assessment using TSA 
 
4.1 Introduction 
As residual stress is essentially a mean stress it is accepted that the linear form of the TSA 
relationship does not allow it to be evaluated. However, there are situations where this linear 
relationship is not appropriate or departures in material properties due to manufacturing 
procedures have enabled evaluations of residual stress. The opportunity to obtain additional 
information from situations where the linear thermoelastic relationship is not valid is the 
basis of using TSA to assess residual stresses. 
 
There are currently two main approaches for residual stress analysis based on the 
thermoelastic response. The first is based on the effect of mean stress and the revised higher 
order theory given by  Equation (3.3), and the second is based on changes in material 
properties contained within K that allows the extent of plastic deformation to be determined, 
and is based on Equation (3.2). The primary difficulty common to both approaches is that 
any change in the thermoelastic response resulting from either the mean stress, σm, or from 
the modification of K will be small, and in actual components the changes in the response are 
around the noise threshold of the detectors.  
 
4.2 Mean stress dependence and the second harmonic 
For the purpose of simplifying the analysis, previous work was concentrated on the case of 
uniaxial loading (where  kk σ σ = 11   and  0 = = = = = 23 13 12 33 22 σ σ σ σ σ ), so that the revised 
theory of the thermoelastic effect shown in Equation (3.3) can be reduced to: 
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Equation (4.1) shows that the rate of temperature change is a function of the applied stress 
and its rate of change. In TSA,  11 σ , could be regarded as the mean stress, m σ , and integrating 44 
 
 
Equation (4.1) over a period from its initial state to final state provides a relationship 
between the change in temperature and the change in stress: 
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The ‘revised higher order theory’ enables the mean stress dependence of the thermoelastic 
constant to be accounted for by the temperature dependence of the elastic modulus, as 
predicted by Belgen [88], and shows that the temperature response is dependent on the mean 
stress as well as the applied stress as shown in Equation (4.2). Since the presence of residual 
stress would modify the mean stress, m σ , it would therefore influence the thermoelastic 
response. 
 
Wong et al [4] continued this analysis by considering an experiment whereby a component 
in a uniaxial system is cyclically loaded about a mean stress, with a sinusoidal stress input 
such that: 
 
t ω σ σ σ a m sin + = 11 ,         and thus,     t ω ωσ σ a cos = 11    (4.3) 
 
where  a σ  is the applied stress amplitude and ω  is the frequency of loading.  
 
By substituting Equations (4.3) into Equation (4.1) the following expression is obtained: 
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Then, as before, Equation (4.5) can be integrated over a period of time, or over a complete 
cycle to give an expression for the maximum temperature change, as follows: 
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The first term in Equation (4.6), varying with the frequency of the applied load, is dependent 
on both the applied mean stress and the stress amplitude. The second term in Equation (4.6) 45 
 
 
varies at twice the frequency (referred to as the second harmonic) and is proportional to the 
square of the stress amplitude. The third term is not a function of the loading frequency. In 
conventional TSA the lock-in procedure rejects all data other than that obtained from a 
defined loading frequency, usually the fundamental loading frequency, and therefore the 
third term is not detected as part of the thermoelastic response. Wong et al [4] observed from 
Equation (4.6), that by obtaining data at both the loading frequency and at the second 
harmonic, it would be possible to derive two simultaneous equations where the two 
unknowns are the cyclic stress amplitude and the mean stress. Subsequently, it was 
recognised that thermoelastic stress analysis may potentially yield enough information to 
provide a technique for deriving the residual stress in a component.  
 
Validation of the revised thermoelastic theory was provided by Wong et al [4], by 
comparison of the thermoelastic signal from two uniaxially loaded aluminium specimens. 
One specimen was undeformed, the other was manufactured curved and straightened to 
provide a geometrically similar specimen. Strain gauges were used to identify the areas of 
tensile and compressive stress in the straightened specimen. Results showed that there were 
differences in the thermoelastic data from each specimen; this was attributed to the residual 
stress and good agreement was made between the data from the strain gauge readings and the 
equations. Dunn et al [13] confirmed that the mean stress effect was measurable in titanium 
(Ti-6Al-4V), aluminium (2024) and steel (4340); a declining mean stress dependence of the 
thermoelastic constant was observed, with values of 
1 /
− ∂ ∂ K K m σ = 0.45, 0.31 and 0.11 
GPa
-1 for each metal respectively. Investigation of the mean stress effect in a graphite epoxy 
composite was carried out but proved inconclusive. Experiments carried out in [19] did not 
allow the derivation of the mean stress, however, they did confirm that a significant 
dependence existed for two titanium alloys and also for a nickel alloy (Inconel 718). In 
further work [18], the thermoelastic signal of TIMETAL was found to vary by 21% over a 
mean stress range of -300 to +300 MPa. Recent work on Nitinol stents by Eaton-Evans et al 
[89] has confirmed that for a Nickel-Titanium alloy the thermoelastic constant has a very 
high dependence on the mean stress; it was also shown that the dependence on mean stress in 
stainless steel was negligible in comparison.  
 
While this technique of utilising the mean stress effect does appear to provide a potential 
route for deriving residual stress, it is not without its limitations. Firstly, inspection of 
Equation (4.2) highlights the sensitivity of the approach. Equation (4.2) is dominated by the 
magnitude of the  ) ∂ / ∂ / 1 (
2
m σ T E E α  term in comparison with unity. As E
2 will inevitably be 
much greater than m σ , the  T E ∂ / ∂  term must be considerable in magnitude if the mean stress 46 
 
 
is to have any significant influence on the thermoelastic constant. The influence of the 
parameter was estimated [20] by setting  ult m σ σ = , i.e. the maximum residual stress possible. 
It was found that the effect of this governing parameter was much greater in aluminium than 
for steel; ignoring this term for steel, gave an error of approximately 1.1%. By comparing 
this to the natural error in the thermoelastic response due to signal noise (that could be up to 
10% depending on surface coating and uniformity), and acknowledging that cyclic stresses 
used in TSA are not usually in the region of failure, it can be seen that this method could not 
be used reliably for steel components. In theory at least, the potential for TSA to be used for 
measuring surface residual stresses in some materials is clear, however this becomes much 
more difficult for multi-axial cases. A further limitation of the technique relates to the 
measurement of the second harmonic component of the thermoelastic signal. Gyekenyesi 
[19] found that the magnitude of the second harmonic of the temperature variation was 
approximately 2% of the first harmonic. This was established for titanium, which was the 
most sensitive material tested. Measurement of this small component is difficult, especially 
as its relative magnitude is not dissimilar to variations caused by signal noise. Furthermore, 
it is also not necessarily the case that areas of high residual stress coincide with areas of high 
applied cyclic stress, further inhibiting the measurement of the second order term. 
Subsequently, confidence in the repeatability of results relating to residual stress is an 
important consideration. Nevertheless, current infra-red technology allows for a much 
greater temperature resolution, and significantly less noise, allowing this work to be 
revisited. 
 
4.3 Mean stress effect and the detector response 
An alternative approach to residual stress analysis which also utilises the mean stress effect 
has been explored by Patterson et al [21]. This technique does not rely on detection of the 
small second order component of the thermoelastic response, and directly relates the detector 
response to applied stresses. The revised thermoelastic constant, K’, under uniaxial 
conditions as shown in Equation (4.7) can be derived from comparison of Equations (3.2) 
and (4.2): 
 











 − = m
p
σ
dT
dE
E
α
C ρ
K
2
' 1 1   (4.7) 
 
Using Equation (3.4) where the calibration constant, A, is a function of the thermoelastic 
constant, and substituting Equation (4.7), the detector response can be expressed as: 
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11 1 11 0 Δ Δ σ σ b σ b S m + =   (4.8) 
 
where  0 b  and  1 b  are constants dependent on a combination of the material properties and 
the characteristics of the infra-red detector as described in Section 3.3.1.  
 
In the presence of residual stress, the effective mean stress experienced by the specimen or 
component during loading, is assumed to be the sum of the applied mean stress, app σ , and the 
residual stress,
  res σ  , such that the mean stress is  res app m σ σ σ + = . Thus for a uniaxially 
applied cyclic stress, given by Equation (4.3), the thermoelastic signal, S, can be expressed 
using the analysis in [23] as: 
 
res app
a
σ b σ b b
σ
S
1 1 0 + + =   (4.9) 
 
From a plot of  ) / ( a σ S  as a function of the applied mean stress,
  app σ  , (Figure 4.1), a linear 
regression yields a graph with gradient  1 b , and a y-intercept at  res σ b b 1 0 + . Thus if  0 b  was 
obtained at the experimental temperature for a material with no residual stress, then  res σ
could be evaluated from the intercept value and the gradient of the line,
  1 b . 
 
Figure 4.1  Schematic highlighting the relationship between applied mean 
stress and the constants b1 and b0 using the mean stress method. [23] 
 
Initial findings [21]  based on the previous data obtained by Machin et al [12]  and 
Gyekenyesi and Baaklini [18] yielded promising results. Good linearity was observed and 
the regression lines showed a good fit to the experimental data as shown in Figure (4.2). It is 
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interesting to note the difference between AA2024 at 5 Hz and 10 Hz in Figure (4.2); since 
the thermoelastic response should is not dependent on loading frequency, this variation is 
likely to be caused by differences in the paint coating. It is not possible to confirm this, but 
independent investigation of the paint coating has shown similar variations and is discussed 
in Chapter 5. Further work [21] exploring the residual stress around cold expanded holes was 
inconclusive; good agreement of the TSA data with the known stress distribution was found 
in some areas, while significant scatter and differences were found in others. These findings 
bring into question the viability of this approach in its current form. The major disadvantage 
of this approach is that the constants b0 and b1 are functions of the detector response and the 
component temperature. Thus, if there is to be confidence in the repeatability of tests they 
must be carried out using the same detector in a temperature controlled environment. A 
further difficulty is that the thermoelastic response must be recorded over a range of applied 
mean stresses in order to obtain an accurate linear regression, which may not always be 
possible for a given component. If it is possible to correct for temperature variations as 
described in [90], more accurate results may be possible. Furthermore, if a radiometrically 
calibrated infra-red system is available, values of  T ∆ can be obtained instead of the 
thermoelastic signal, S, potentially allowing a higher degree of accuracy. Further work with 
this approach is required to investigate its viability and accuracy, especially since it is based 
on uniaxial behaviour, which may not always be established in real components. 
 
 
Figure 4.2  Experimental results showing the mean stress effect and linear 
regressions used to obtain residual stress from the detector response. [23] 
Galietti and Palumbo [22] adopted a similar approach using titanium specimens, initially 
developing a procedure that corrected for the mean stress effect. This was later extended to 
residual stress assessment based on Equation (4.9), where the detector response, S, was 49 
 
 
replaced with temperature data obtained from a radiometrically calibrated detector. Some 
experimental success was noted, however several assumptions were made to simplify the 
analysis which are not wholly justified, and the residual stress was only simulated by 
increasing the mean stress and a more realistic residual stress system was not investigated. 
The procedure was applied to a hole in the centre of a tensile specimen loaded in uniaxial 
tension. The residual stresses were simulated by adding a known mean load to the mean test 
load, and making the assumption that the residual stress distribution was the same as the 
applied stress distribution simplified the problem. In the first case, the residual stress was 
assumed to be zero, and therefore the effective mean stress was simply that caused by the 
applied mean load. In the second scenario, the effective mean stress was a combination of 
the applied mean stress and simulated residual stress. The same cyclic load was applied and 
the thermoelastic response obtained. However, given that the applied load was the same and 
tests were conducted on the same specimen, it is not difficult to conclude that the change in 
thermoelastic response was due to a change in mean stress. In addition, using the equations 
derived from Equation (4.2) and (4.9) it is equally easy to show that the difference in mean 
stress required to cause the change in thermoelastic response was equal to the additional 
residual stress that was simulated in the first place. However, since the mean stress, 
simulated residual stress and applied stress distributions are the same, it is difficult to 
confirm the validity of the approach and really only confirms the ability to measure the mean 
stress effect.  Attempts to recreate the data obtained in [22] and to apply the procedure to 
data obtained in this work have been unsuccessful. In addition, the procedure is based on 
equations derived for a uniaxial system, and while the specimen was loaded uniaxially, there 
is actually a significant contribution to the thermoelastic signal from σ22 due to the hole and 
as such, the equation is not entirely valid. In such a scenario, the revised theory and Equation 
(3.3) is more appropriate. In this case, the thermoelastic signal is a function of several 
variables that include mean stress terms, and extracting the additional contribution of 
residual stress from measurement of the effective mean stress is not at all straightforward.  
 
In essence, for the equation  res app m σ σ σ + =
 
where  app σ   is a only known quantity, by 
assuming the value of  m σ
 
it is clear that  res σ   is readily obtainable using the uniaxial 
equation; however, in reality only  app σ
 
is known and a function of  m σ
 
can be measured, but 
is it not possible to separate the variables in Equation (3.3) to obtain  m σ   and thus a 
calculation of  res σ  is difficult. Nevertheless, it can be seen that the procedure could be valid 
for a fully uniaxial system, but would not be practical in a system where there is a sufficient 
contribution of  22 σ , since the derived equations are not valid and do not fully account for the 50 
 
 
thermoelastic response. From the work published so far, there is insufficient information 
provided to establish the validity at this point. Despite further work being conducted by the 
authors of [22] to develop the procedure further, the fact that the mean stress is so difficult to 
decouple in a multi-axial stress system limits the approach. It is likely that no quantifiable 
information can realistically be achieved from this method without having significant prior 
knowledge of the residual stress, making simplifications to the system and using assumptions 
to neglect various components of the thermoelastic response. However, such an analysis 
could be used to obtain areas where the mean stress differs from an identical specimen with 
no residual stress, therefore identifying areas where residual stress may be present. 
 
4.4 The effect of plastic deformation 
A completely different approach to residual stress assessment is based on the modification 
due to plastic deformation, of some of the material properties that affect the thermoelastic 
response. It has been shown [20] that in some metals the introduction of plastic deformation 
modifies the thermoelastic constant, K. It has been suggested that this change in 
thermoelastic constant can be used to estimate the level of plastic strain that a component has 
experienced. Since exposure to plastic straining causes residual stress, there is a potential 
opportunity to derive a procedure for the assessment of residual stress using TSA, utilising 
the effect of plastic deformation. Rosenholtz et al [91], and Rosenfield et al [92], have both 
demonstrated that in steel and aluminium, an application of plastic strain will cause a change 
in the material property, α, the coefficient of linear thermal expansion. Rosenfield et al [92] 
also noted that this change in α increases significantly more when subjected to compressive 
strains, and increases less upon tensile plastic straining. 
 
To indicate if plastic deformation causes a change in thermoelastic constant, a specimen can 
be loaded in uniaxial tension. If this type of specimen is loaded beyond the material’s yield 
point and then unloaded, it will result in a residual strain; however, there is no residual stress 
as it can be fully relaxed by the elastic unloading. As a result, the contribution of residual 
stress to σm in the modified thermoelastic equation for a uniaxial stress system becomes zero. 
Therefore, any change in the thermoelastic signal would be due to a change in one of the 
material properties, α, ρ or Cp and not due to a change in the mean stress. Quinn et al [20] 
conducted tests on steel specimens that had experienced different levels of plastic strain; one 
specimen was left unstrained, while three specimens were statically strained to give 
maximum tensile strains of 5%, 6% and 8%, and then unloaded. It was seen that the 
thermoelastic constant increased from 2.93 x 10
-6 MPa
-1 for the unstrained specimen to 3.19 
x 10
-6 MPa
-1 for the specimen that had experienced 8% plastic strain. The change in the 
thermoelastic constant is small, but it was repeatable and was seen to increase linearly with 51 
 
 
the  level of plastic strain experienced. Further work in [5]  examined a curved beam 
manufactured from E1NA steel. One component was machined to shape and stress relieved 
whilst the other was deformed. The thermoelastic response through the section of both 
components is shown in Figure (4.3).  
 
The first order theory shown in Figure (4.3) is the theoretical temperature change ∆T based 
on Equation (3.2); the second order theory is based on the use of Equation (4.2) with the 
mean stress σm being set as the estimated residual stress. It can be seen that there is little 
departure between first and second order theory due to the small influence of the mean stress 
effect on steel. Finally, the adjusted K  theory is based on Equation (3.2) but uses an 
estimated thermoelastic constant K  based on the plastic strain that has occurred in the 
deformed component.  
 
It is clear that in the deformed component (Figure 4.3b) the experimental data shows 
significant departure from the both the first order and second order theory in the most 
deformed part of the specimen. For the tensile part of the response this shows good 
agreement with the modifications observed in K. However, the departures are much greater 
in the compressive side which is consistent with the observations of [91, 92] where it was 
shown that exposure to compressive strain changes the coefficient of expansion more 
significantly.  
 
(a)  Machined component  (b)  Deformed component 
Figure 4.3  Comparison of thermoelastic data with theory for (a) a machined 
component and (b) a deformed component. [5] 
Further work by Quinn et al [20]  indicated that the process of strain hardening has a 
significant effect on the change in thermoelastic constant that can be expected to occur as a 
result of plastic deformation. It was concluded that the change in thermoelastic constant was 
dependent on the material dislocation that occurs during strain hardening, and that the 52 
 
 
change in K for a material that does not strain harden would be significantly less than for a 
material that does. This method shows promise, in that the effect is repeatable and valid for 
steel components. However, there is a requirement that the residual stress in the component 
is caused by plastic deformation, and that the material under inspection experiences strain 
hardening. Furthermore, it is likely that the change in K would need to be significant for the 
difficulties posed by the mean stress especially within a  multi-axial stress system to be 
negated. In addition, even if the amount of plastic strain that a component has experienced 
could be obtained through measurement of a change in K, relating this to residual stress will 
not be straightforward and would most likely require additional modelling of the component. 
 
4.5 Summary of residual stress and TSA 
At present, three methods have been investigated as potential candidates for residual stress 
assessment using the thermoelastic response [24];  Table 4.1 summarises the three 
approaches. Two are based on the mean stress effect and the revised higher order theory of 
Equation (3.3). One utilises the thermoelastic response at the second harmonic of the loading 
frequency, and the other directly relates the change in the thermoelastic response to the 
principal stresses. The major limitations of the approaches based on the mean stress effect, is 
that they are not suitable for steel components since the temperature dependence of the 
elastic properties of steel are negligible at room temperature, and that most of the analyses so 
far have been simplified for uniaxial systems. The third approach is based on Equation (3.2) 
and the change in the thermoelastic constant, K, resulting from plastic deformation during 
manufacture or assembly. This approach has the advantage that it may be valid for a larger 
range of materials, not just those with temperature dependent elastic properties. However, in 
the third approach the main disadvantage is that plastic deformation must have taken place, 
which therefore limits the approach; for example it may not be able to detect thermally 
induced residual strains, as it may not cause such a change in K. In comparison, any residual 
stresses would form a contribution to the mean stress, and therefore in theory could be 
observed using a mean stress effect based approach. 
 
A significant disadvantage common to all three approaches is that any change in the 
thermoelastic response resulting from either  m σ  or from the modification of K is very small. 
In actual components the changes in the response are around the noise floor of the detectors. 
Previous success in detecting these changes has been achieved by applying very large 
residual stress or plastic strain, or by using materials that are very sensitive to the mean stress 
effect. Recently the sensitivity of infra-red detectors has improved to the extent where it may 
be possible to accurately measure changes representative of those in actual components, 53 
 
 
hence leading to a renewed interest using TSA for residual stress analysis. Nevertheless, the 
variations in thermoelastic response are smaller than the changes that are resolved during 
standard TSA, and therefore poses significant difficulty. 
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4.6 Motivation, novelty and research direction 
The current methods of residual stress assessment using TSA have been summarised, and the 
very small change in thermoelastic response that can be associated with residual stress has 
been highlighted. Only recently have infra-red detectors become sensitive enough to enable a 
thorough investigation of these small variations in thermoelastic response, and they remain 
similar in magnitude to the noise threshold of the detectors. The primary goal of this work is 
to assess the feasibility of applying a TSA based approach for residual stress assessment to a 
realistic component. The major challenge is recording the very small component of the 
thermoelastic response while minimising, correcting for, or removing all the possible sources 
of error. Only a few studies have examined residual stress identification using TSA, and 
therefore this work presents a considerable opportunity due to the depth at which this is 
examined.  
 
The calculation of stress using TSA for metallic materials is straightforward and the relevant 
material properties are readily available, thus, perhaps the most critical source of error is the 
paint coating as it has been shown to cause significant errors during standard TSA 
measurement. Whilst analysing the very small changes in response associated with residual 
stress, it is likely that the influence of surface preparation is further magnified in comparison 
to the measurement of interest. Considerable effort has been directed at understanding the 
effects of paint coating, and into defining suitable surface preparation procedures for 
different materials; this is detailed in Chapter 5.  
 
Similarly, optimisation of the detector and experimental set-up is required to investigate the 
experimental errors that may exist and establish appropriate conditions for this work. This is 
conducted in parallel with a study into the effects of the infra-red detector properties and is 
discussed in Chapter 6. By rigorously investigating and minimising the errors associated 
with the experimental setup and the surface coating, it is possible to have confidence that the 
measured thermoelastic response is at the current limit of precision available. Subsequently, 
the feasibility of applying a TSA based approach to residual stress assessment at the present 
time can be established, and its applicability to either an industrial or laboratory environment 
can be assessed. 
 
The majority of research in this field has been focused on utilising the mean stress effect, 
subsequently part of this thesis focuses on the alternative approach and is aimed at 
quantifying the change in thermoelastic constant resulting from plastic deformation. Previous 
work had noted the change in K due to plastic strain and postulated that it could form the 
basis of a residual stress assessment tool; an increase in K was noted in specimens that had 56 
 
 
experienced tensile plastic strain. Studies have also shown that the coefficient of linear 
thermal expansion, α, changes with plastic strain, and since the thermoelastic constant is a 
function of α it is likely that this is the driving cause. There are several interesting aspects of 
this approach that warrant further investigation and clarification. 
 
The key aspects of the present research have focused on trying to identify the change in K 
over a large range of plastic strain to confirm the findings of [20]. If the change in 
thermoelastic constant could be defined over a range of plastic strain, it may then be possible 
to estimate the plastic strain that a component has experienced based on a measured change 
in thermoelastic response. It was noted in [92] that the change in α for compressive plastic 
strain was negative, and was larger than the change for the equivalent tensile plastic strain, 
but the potential change in K  for compressive plastic strain has not previously been 
investigated fully. This work is extended to investigate the effects of both tensile and 
compressive plastic strain on K. In addition, the idea that strain hardening has an effect on 
the resultant change in K was proposed; this is further explored in this work alongside effects 
of material directionality which have not previously been considered. This investigation is 
focused on several materials that are relevant to high-tech industries, namely stainless steel 
for nuclear or marine applications, and aluminium for aerospace applications. By 
investigating both compressive and tensile plastic strain, and investigating a range of 
common engineering materials, this study will enable the applicability of this plastic 
deformation based approach to be determined.  
 
Having established the effect of plastic deformation on the thermoelastic constant, the next 
step in assessing the feasibility of a TSA based approach to residual stress is applying it to a 
realistic component. Many previous studies have utilised bespoke specimen designs or 
materials with specific properties to magnify the component of thermoelastic response 
related to residual stress. In this work, the thermoelastic response around cold expanded 
holes in aerospace grade aluminium plates is investigated. This provides an opportunity to 
bring together all the previous work and apply it to a component and material that is 
commonly used in service. The cold expansion process involves forced plastic deformation, 
and therefore the effect of plastic strain on K will be relevant to this work. In addition, a 
large compressive residual stress is formed around the hole, and therefore a contribution to 
the mean stress is likely to be apparent. The investigation takes the form of theoretical and 
experimental analysis of the thermoelastic response around a circular hole in a flat plate 
loaded in uniaxial tension. The stress gradients around the hole also enable aspects of non-
adiabaticity to be considered. As the system is not completely uniaxial (despite uniaxial 
loading) the applicability of all the different theoretical approaches to residual stress 57 
 
 
assessment (Equations (3.2), (3.3) and (4.2)) can be compared and previous work revisited. 
A combined analysis of both the mean stress effect and the effect of plastic strain will 
provide an understanding of which is dominant in terms of the change in thermoelastic 
response. 
 
As a whole, this thesis provides an opportunity to assess the feasibility of applying TSA to 
residual stresses by exploring previous work, developing and investigating the initial 
findings and applying them to a realistic component. With the developments in infra-red 
technology, it is now easier to detect the small changes in the thermoelastic response and 
therefore previous ideas that were proposed can be verified. In addition, with the increased 
sensitivity of detectors, deleterious effects such as those caused by the paint coating are now 
more evident. In particular, the requirement for higher accuracy has presented an opportunity 
to characterise the effects of the surface coating in more detail. While the influence of the 
coating was investigated during the early development of TSA, it is a problem that has been 
largely overlooked in recent times and warrants revisiting given the advancements in 
detector technology. 
 
4.7 Experimental methodology 
The changes in thermoelastic response that are of interest are very small and therefore 
considerations of the calibration procedures and experimental approach is of paramount 
importance. The aspects of the surface coating and experimental setup of the test machine 
and detector are discussed separately in Chapters 5 and 6. The calibration procedure and 
experimental methodology used throughout this work is calibration against a known stress. It 
is possible to obtain ∆T and T directly from the detector and by loading dog-bone type 
tensile specimens of known dimensions in uniaxial tension a prescribed stress can be induced 
in the specimen. Using Equation (3.2), an experimental value of the thermoelastic constant, 
K can be easily calculated. The experimental K can then be compared to a known value 
calculated using material properties from literature or from a reference specimen, and thus 
any variations in the thermoelastic response could be identified.  
 
It should be noted that the thermoelastic constant is not technically a constant, as there exists 
a mean stress dependence as described in Section 3.2. The revised thermoelastic constant, 
K’, in Equation (4.7), is essentially the same as K and is calculated in the same way, but may 
vary depending on the mean stress or level of plastic strain. Unfortunately, calculations of K 
or K’ are very sensitive to small differences in material properties and literature values are 
not accurate enough given the magnitude of the changes of interest. Obtaining accurate 
material properties from experimental work is difficult and therefore comparison of 58 
 
 
experimental K’ values with values based on literature will not be sufficient for many of the 
investigations. The alternative approach utilised in the majority of this work, is to analyse the 
changes in thermoelastic constant by comparison with a reference, or ‘calibration’ specimen, 
thus negating the need for accurate material properties.  
 
There are a number of variables or considerations that are worthy of investigation, and using 
the proposed methodology the following effects are investigated: the mean stress effect, the 
effect of plastic deformation, the effect of surface coatings, and the effect of changes to the 
experimental setup. The reference specimen and/or value of K’ may differ depending on the 
investigation. The decision to use dog-bone type specimens loaded in uniaxial tension was 
made for the following reasons:   
 
i.  In a dynamically loaded tensile specimen, non-adiabatic conditions cannot occur 
because there is no stress gradient [86], and therefore no heat transfer within the 
specimen provided the loading frequency is sufficient. The only heat transfer 
would be caused by the coating, which is negated by following the procedures 
outlined in Chapter 5. 
 
ii.  If T and ΔT can be measured, and given that the loading conditions are defined, 
the stress in the specimen can be calculated in a straightforward manner, 
allowing the experimental value for K to be easily obtained. 
 
When studying the effects of plastic strain on the thermoelastic response, the use of these 
specimens has a third benefit: 
 
iii.  If this type of specimen is loaded beyond the material’s yield point and then 
unloaded, it will result in a residual strain; however, there will be no residual 
stress as the stress can be fully relaxed by the elastic unloading. Without the 
contribution of a residual stress that would result in an increase in σm when 
loaded, any change in the thermoelastic response would be due to a change in 
one of the material properties, α, ρ or Cp.  
 
The purpose of performing TSA tests on tensile specimens is twofold. Firstly to provide a 
means of investigating the changes in thermoelastic response due to the surface coatings, 
residual stresses, and the related effects. Secondly, such tests provide an understanding of the 
mechanical and thermoelastic behaviour for use in assessing the feasibility of a TSA based 59 
 
 
approach to residual stress assessment and its application to an industrial component 
containing realistic levels of residual stress.  
 
The first step towards examining the small changes in thermoelastic response requires an 
investigation of the sources of error and deleterious effects that may exist. The influence of 
the paint coating is now discussed. 
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Chapter 5 
 
Paint Coating Sensitivity for Thermoelastic 
Measurement 
 
5.1 Introduction 
TSA requires the surface of the specimen to have a uniformly high emissivity; for many 
polymers the natural surface has a sufficiently high emissivity, however, this is not the case 
for most other materials. Typically, metallic surfaces are coated with a thin layer of matt 
black paint to enhance the thermoelastic signal and standardise the surface emissivity. It is 
often assumed that the paint coating has little or no effect on the thermal emission from the 
specimen other than increasing the surface emissivity, but it is well documented that the 
thermoelastic response is sensitive to paint coating thickness, particularly at higher 
frequencies. When assessing the major sources of error in thermoelastic measurements, 
McKelvie  [15]  showed that attenuation of the thermoelastic signal is dominated by 
conduction to and from the surrounding material, and from the insulation effects of the paint 
coating. In extreme circumstances, it has been shown that the thermoelastic response was 
reduced by a factor of three due to incorrect surface preparation and coating procedures [17]. 
When using highly sensitive infra-red detectors, the temperature change is measured 
radiometrically and radiant energy is the measured quantity; this can only be related to 
surface temperature if the local surface emissivity is known.  
 
Since this work focuses on very small changes in the thermoelastic response, the attenuation 
effects of any surface coating will be more significant; therefore, it is vitally important that 
any deleterious effects of the surface coating are minimised. Previous TSA studies [3, 5, 9, 
86, 89] have used ‘two passes of RS matt black’ paint which was first adopted in the 1980s 
[81]. RS matt black may now be outdated, and the qualitative measure of ‘two passes’ is 
insufficient to define coating thickness with the accuracy that is shown to be necessary. 
Although it is acknowledged that it may be possible to apply a surface coating using other 
techniques and materials, the application of a paint coating has been pursued in this work for 62 
 
 
a number of reasons. Firstly the surface emissivity that can be achieved is the very high, and 
therefore there is little or no experimental advantage in using a different procedure providing 
correct paint coating conditions can be obtained. Secondly, the ease of application of a paint 
coating is in keeping with the robustness and portability of TSA. Thirdly, the cost associated 
with other surface coatings may be significantly greater than a simple paint coating. Thus if 
equivalent results can be achieved using the cheaper, quicker and easier method, it bears 
more relevance to the use of TSA outside of a laboratory environment. 
 
The objective of this work is to investigate the applicability of the previous paint coating 
‘standard’ and to identify if this is valid and sufficiently accurate for the measurement of the 
smaller temperature changes associated with residual stress. This work includes 
quantification of acceptable paint thickness and cyclic  loading conditions for TSA 
measurements on steel, stainless steel and aluminium. A range of paint types and thicknesses 
are explored and the results compared to theoretical predictions. As a result, optimum 
loading conditions and coating characteristics for thermoelastic stress analysis are defined.  
 
5.2 Research objectives 
It has been shown that the paint coating for metallic materials can have a significant effect 
on the accuracy of thermoelastic measurements [15], which is particularly relevant to this 
work. In fact, it is possible that the errors due to the application of paint coatings are similar 
in magnitude to the changes in thermoelastic response that are of interest. It is important that 
any differences in thermoelastic measurement due to surface coating inconsistencies are 
eliminated. The variability of the coating is also a consideration when using aerosol spraying 
as the method of coating the surface as this can yield localised variations in paint thickness. 
At this time, the effects of the coating were known, however the sensitivity of infra-red 
cameras was not sufficiently high for this to cause any significant variations of the recorded 
signal.  The recent advancements in camera technology are such that the coupled effects of 
coating thickness and loading frequency on the thermoelastic response are now clearly 
evident. A full and detailed investigation into the effects of paint type, paint thickness and 
loading frequency over a range of materials was therefore necessary.  
 
Currently, typical loading frequencies used for TSA of metallic materials are between 10 to 
30 Hz. The paint thickness equivalent of ‘two passes’ is highly dependent on the operator 
and practical experience indicates that this could cover a range as large as 10 to 50 μm. The 
process is dependent on the pressure applied to the nozzle, the distance from the object being 
coated and the speed at which the nozzle is moved across the object; given that there are no 
specific guidelines for the coating procedure, the process is entirely dependent on the 63 
 
 
operators’ interpretation of ‘two passes’ and their experience. It is clear that current coating 
procedures do not provide sufficient accuracy and the repeatability that is necessary for 
detailed analysis of the small temperature changes associated with residual stress; however, 
it is possible to obtain accurate results providing the paint coating characteristics are correct. 
As a result, the following objectives have been defined: 
 
•  Identify a type of paint that is suitable for TSA of metallic materials. 
 
•  Investigate the effects of paint thickness on the thermoelastic response, and quantify 
an acceptable range of paint thicknesses for all future TSA testing. 
 
•  Investigate the effects of loading frequency on the thermoelastic response, and 
define appropriate loading conditions for the investigation of residual stress using 
TSA. 
 
•  Define a procedure for the reliable and consistent coating of metallic specimens 
(dependent on the outcomes of objectives 1, 2, and 3). 
 
•  Establish the difference, if any, in paint coating characteristics and procedures for 
different metallic materials, i.e. steel, stainless steel and aluminium. 
 
5.3 Paint coating characteristics 
There are three main reasons for using a high emissivity coating [88]. Firstly, to achieve a 
consistent emissivity on the surface; any variation of surface emissivity across the specimen 
would cause a variation in the temperature change that is not stress related. The second 
reason to use a high emissivity coating is to maximise the radiant energy being emitted; since 
the temperature changes are very small, a high emissivity will yield a stronger and more 
accurate response. Thirdly, a high emissivity coating is used to avoid reflected heat radiation; 
if the surface is too reflective, radiation from external sources may appear to be an emission 
from the specimen surface, although surfaces of high emissivity also have high absorption, 
alleviating this problem. A further consideration of the surface coating is the thermal 
conductivity and thus the response time. This occurs because the surface coating has a finite 
heat capacity and is effectively a thermal insulator, therefore its temperature lags that of the 
substrate beneath it. This factor only becomes significant if the coating thickness is large; 
therefore minimising coating thickness allows this feature to be neglected. McKelvie [15] 64 
 
 
discussed two important types of paint coating attenuation that result from these problems: 
(a) thermal lag, and (b) thermal drag-down. 
 
(a)  Thermal lag is caused by the insulating effect of the paint coating. Even with 
no heat loss to the environment, a surface coating will still have a capacitance 
and resistance associated with it that will result in a temperature drop across it. 
In short, an increase in paint coating thickness will result in a smaller ∆T at 
the paint surface than at the substrate surface. 
 
(b)  Thermal drag-down is a phenomenon relating to both the paint thickness and 
the loading frequency. Since no heat is being generated by the coating, its 
temperature can only change due to the heat transferred to it from the 
substrate. As the loading frequency increases, the spatial wavelength 
decreases; as a result there is less heat input into the coating. In brief, the heat 
will not flow into the surface coating sufficiently quickly to maintain the 
temperature change for accurate thermoelastic measurements to be recorded.  
 
These considerations highlight the importance of the paint coating in TSA studies. Too thin 
and the surface is too reflective and the emissivity is not sufficient to obtain accurate results; 
too thick and either a lag occurs or the response is that of the coating and not the specimen 
itself.  
 
Welch and Zickel [17] showed that coating response was strongly dependent on coating 
thickness and loading frequency. Through the relationship between frequency and paint 
thickness it was shown that the coating response could be split into four distinct regions, as 
shown in Figures 5.1 and 5.2: 
 
(i)  high-emissivity coating region, where the temperature change on the surface 
of the coating is identical to that on the surface of the material, 
(ii) opacity-limited region, where the coating is so thin that the surface emissivity 
is a combination of the paint coating and the specimen surface, 
(iii) coating diagnostic region, where thermal drag-down is experienced as the 
loading frequency is increased,  
(iv) strain witness region, where the coating is so thick, or loading frequency so 
high, that the thermoelastic response is from the coating alone.  
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It should be noted that the axes of Figure 5.2 have been rotated with respect to Figure 5.1 for 
ease of presentation. The high emissivity coating region is the ideal coating regime to be 
operating within, ensuring that the thermoelastic response measured from the coating is a 
true representation of the stress induced temperature change on the substrate surface. 
 
 
Figure 5.1  Theoretical response of a paint coating due to cyclic stress on 
an aluminium substrate. [17] 
 
 
Figure 5.2  Contour plot of the thermoelastic response of a coating on 
an aluminium substrate. [17] 
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5.4 Theoretical coating response 
The theoretical coating response has been investigated to provide a comparison for the 
experimentally observed coating characteristics, and to examine the different coating 
regimes in more detail for different materials. Several theoretical modelling approaches have 
previously been explored and predict a progressive decrease of thermoelastic response and 
an increasing phase lag as loading frequency and/or coating thickness increase. Belgen [88] 
described the amplitude of thermoelastic response in terms of a first order exponential 
approximation and showed that there was a clear decrease in response as coating thickness 
and loading frequency increased. McKelvie [15] took a more sophisticated approach based 
on the one-dimensional heat flow equation for a temperature distribution with a sinusoidal 
temperature oscillation, and drew similar conclusions. Meanwhile, Mackenzie [16] 
formulated the coating response as a more complex thermal wave problem defined as 
follows: 
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(5.1) 
where F is the infra-red flux from the surface, KR is the ratio of thermoelastic constants of 
the coating and the substrate, l is the coating thickness, Ra is the thermal wave reflection 
coefficient from the coating/air boundary, Rs is the thermal wave reflection coefficient at the 
coating/substrate boundary, Rm is the infra-red reflection coefficient at the coating/substrate 
boundary and β is the infra-red absorption coefficient for the coating; λ is a complex wave 
number given by
5 . 0 ) / )( 1 ( γ f π i +  where f is the frequency of oscillation and γ is the thermal 
diffusivity of the coating. 
 
The theoretically defined coating regions shown in Figures 5.1 and 5.2 are derived from the 
use of Equation (5.1) using the parameters shown in Table 5.1. In the work conducted by 
Welch and Zickel [17] on aluminium specimens, estimations were made for some of the 
coefficients in Equation (5.1). Improved estimations have been made by making use of more 
complete data given in [93], where a scanning photo acoustic technique was used for 
determining the thermal diffusivity and reflection coefficients of paint coatings on different 
substrates; these parameters are listed in Table 5.1, and are based on the use of a 
commercially available matt black paint. Using the updated parameters from [93] and [94], 67 
 
 
improved theoretical data has been formulated for aluminium, steel and nylon substrates, and 
is presented in a similar way to the work conducted by Welch and Zickel; the parameters 
used are listed in Table 5.1. 
 
Table 5.1  Parameters used in the thermal wave equation model (Equation (5.1)) 
* Derived from properties and data in [93], **Derived from properties and data in [16]  
 
Figures 5.3, 5.4 and 5.5 show plots of log frequency vs. log thickness for the new theoretical 
data and new materials; the previously defined coating regions (Figure 5.2) are indicated on 
Figures 5.3b, 5.4b and 5.5b. It can be seen by comparison of Figures 5.1 and 5.3a that 
variation in the properties shown in Table 5.1 does not have a significant effect on the shape 
of the response, the major difference is that the predicted coating regions occur at different 
values of paint thickness and loading frequency. As the infra-red flux quantity provided by 
Equation (5.1) is a proportional value, in Ref [17] it was normalised (see Figures 5.1 and 
5.2). Likewise the infra-red flux value shown in Figures 5.3a, 5.4a and 5.5a has been 
normalised, making the maximum value unity in each plot for the purposes of comparison 
with the experimental data.   
 
The parameters used in the previous study [17]  (see Figure 5.2) indicate that the high 
emissivity region for matt black paint on aluminium occurs between 80 to 400 μm at 0.1 to 
1.5 Hz; using updated parameters for aluminium (see Figure 5.3b), the indications are that 
the region occurs for paint thicknesses between 20 to 170 μm at loading frequencies of 0.1 to 
2.5 Hz. For a steel substrate (see Figure 5.4b), the predicted ideal conditions range from 15 
to  250  μm  at  0.1  to  5  Hz,  and  using  parameters  for  nylon  (see  Figure  5.5b),  the  high 
emissivity region occurs between 1 to 5 μm and 0.1 to 0.5 Hz. The inclusion of nylon is for 
Parameter  Steel  Aluminium  Nylon 
Previous 
Aluminium 
  ∆T, Amplitude of temperature 
oscillation, (K) 
0.06  0.06  0.06  - 
γ, Thermal diffusivity of paint, (m² s
-1)
  2.0 x 10
-7  [94]  1.92 x 10
-7  [93]  2.14 x 10
-7  [93]  1.4 x 10
-7  [16] 
Rs, Thermal wave reflection coefficient  
at the coating/substrate boundary  -0.634 *  -0.776 *  0.624 *  -0.95 [16] 
Ra, Thermal wave reflection coefficient 
from the coating/air boundary  0.99 [93]  0.99 [93]  0.99 [93]  0.98 [16] 
Rm, Infra-red reflection coefficient at the 
coating/substrate boundary  0.8 [93]  0.8 [93]  0.8 [93]  - 
β, Infra-red absorption coefficient  
for the coating,  (m
-1)
  1.1 x 10
5  [95]  1.1 x 10
5  [95]  1.1 x 10
5  [95]  1.2 x 10
5  [16] 
KR, Ratio of paint and substrate 
thermoelastic constants 
0.347**  0.11**  0.03**  0.11 68 
 
 
the sole purpose of highlighting possible effects on a plastic substrate and was chosen as it 
was the only non-metal for which the thermal properties and coefficients in Equation (5.1) 
were available in literature. The implications are not further explored as it is unlikely that a 
plastic would be coated in matt black paint for the purpose of thermoelastic measurement as 
in general, plastics have a high emissivity. Furthermore, previous experimental work [86] on 
epoxy, which is likely to have similar thermal properties to nylon, showed an increase in 
thermoelastic signal over a frequency range of 5 to 30 Hz, which does not correlate with the 
trend shown in Figure 5.5b.  
 
Using theoretical results from the thermal wave equation it could be concluded that the 
optimum conditions to obtain TSA data is at very low frequencies. However, for specimens 
made from materials with a high thermal conductivity, such as most metals, it is not practical 
to obtain TSA data at loading frequencies of between 0.1 Hz and 1.5 Hz because any stress 
gradient in the specimen will result in heat transfer and a non-adiabatic response. In addition, 
typical loading frequencies employed for TSA of metallic materials are between 10 to 30 Hz 
(to achieve adiabatic conditions within the substrate)  which would suggest the coating 
response is from the coating diagnostic region. There is clearly a trade-off to be made 
between achieving adiabatic conditions and ensuring the attenuation of the thermoelastic 
response due to paint thickness and loading frequency is not significant. The ‘standard’ paint 
thickness equivalent of ‘two passes’ is highly dependent on the operator, this could cover a 
range  as  large  as  10  to  50  μm,  which  does  fall  within  the  theoretically  defined  high 
emissivity range, but is significantly smaller than the maximum. The typical test conditions 
used in TSA, i.e. a paint thickness range of 10 to 50 µm and loading frequencies of the range 
10 to 30 Hz, are highlighted in Figures 5.3b, 5.4b and 5.5b. These clearly do not fall within 
the theoretically defined optimum loading conditions, i.e. the high emissivity region, but 
within the coating diagnostic region, suggesting that the thermoelastic response on the 
coating surface is not the same as the temperature change on the substrate surface. There is a 
discrepancy between the theoretically defined and the experimentally employed coating 
characteristics; it was therefore necessary to investigate the reduction in thermoelastic 
response that has been predicted by the theoretical model to establish its significance in 
practice, and if necessary determine a means of correction. Finally, it should be noted that 
while examining the theoretical response is useful in understanding the overall behaviour of 
the coating and to appreciate the possible limitations, it is how the coating responds in reality 
that is the key importance in this work. 
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Figure 5.3(a)  Theoretical infra-red flux of an aluminium substrate coated in matt black paint 
using Equation (5.1) and updated parameters in Table 5.1. 
 
 
 
Figure 5.3(b)  Contour plot of the theoretical infra-red flux of an aluminium                                 
substrate coated in matt black paint. 
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Figure 5.4(a)  Theoretical infra-red flux of a steel substrate coated in matt black paint using 
Equation (5.1) and parameters in Table 5.1. 
 
 
 
Figure 5.4(b)  Contour plot of the theoretical infra-red flux of a steel                                           
substrate coated in matt black paint. 
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Figure 5.5(a)  Theoretical infra-red flux of a nylon substrate coated in matt black paint using 
Equation (5.1) and parameters in Table 5.1. 
 
 
 
Figure 5.5(b)  Contour plot of the theoretical infra-red flux of a nylon                                                 
substrate coated in matt black paint. 
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5.5 Experimental methodology 
Defining an adequate paint type, suitable paint thickness and appropriate loading conditions 
for all three main materials used in the research is essential to provide calibration and base 
line values of the thermoelastic response. These three materials are steel, stainless steel and 
aluminium. Aluminium is used in the investigation of residual stresses around cold expanded 
holes (Chapter 8), stainless steel is analysed in experiments defining the change in K due to 
plastic deformation (Chapter 7), and steel is used to extend the understanding to a wider 
range of metallic materials used in common engineering applications. 
 
To investigate the effect of paint thickness and loading frequency on the thermoelastic 
response, the thermoelastic constant, K, is calculated from experimental data, and compared 
to a value calculated using material properties, as outlined in Section 4.7. Specimens were 
cyclically loaded in an Instron 8032 servo-hydraulic test machine with a load capacity of 100 
kN. The Cedip system was used to obtain T and ∆T, and with knowledge of the applied 
stress, a direct calculation of the thermoelastic constant can be easily made. The equation for 
the ‘revised’ thermoelastic constant, or thermoelastic parameter, is given by Equation (4.7). 
 
The material properties of steel (AISI 1016), aluminium (AA2024-T351) and stainless steel 
(316L) used in the calculations of the thermoelastic constant are shown in Table 5.2. Using 
Equation (4.7) the expected thermoelastic constant for aluminium 2024 with zero mean 
stress is approximately 9.53 x 10
-12 Pa
-1. Taking into account the mean stress effect using 
Equation (4.7), a mean stress of 85 MPa provides a value for the thermoelastic constant of 
9.54 x 10
-12 Pa
-1, i.e. practically no change in the thermoelastic constant as the  dT dE/  value 
is small. The thermoelastic constant for AISI 1016 steel was calculated as 3.04 x 10
-12 Pa
-1; 
the thermoelastic constant for 316L stainless steel was calculated as 4.00 x 10
-12 Pa
-1.  
 
Table 5.2  Material properties of aluminium and steel for calculating the thermoelastic constant, K 
 
 
 
Material Property  AA2024 [96]  AISI 1016 [96]  316L [96] 
Coefficient of thermal expansion, α, 
   m  m
-1K
-1  23.2 x 10
-6 
  11.5 x 10
-6  16.0 x 10
-6 
Density, ρ,  kg m
-3  2780   7870    8000 
Elastic modulus, E,  GPa  72.4   205   193 
Specific heat, Cp,  J kg
-1 K
-1  875   481   500 
Temperature dependence of E, dE/dT,  MPa K
-1  -36 [97]  ≈ 0 [20]  ≈ 0 [20] 
Thermoelastic constant from literature,  Pa
-1  9.54  x 10
-12  3.04  x 10
-12  4.00  x 10
-12 73 
 
 
5.6 Paint type 
Previous studies have commonly used RS matt black, which is a commercially available 
carbon based matt black paint. Several other aerosol paints have also been used in 
thermography applications; these include Krylon matt black and Spectra matt black. These 
three paints are very similar, in that they are carbon based and provide a matt black finish; 
Krylon is available only in the US, and Spectra matt black is no longer manufactured, 
meanwhile RS matt black has seen extensive use in the UK TSA community. The aim of this 
section of work is to assess the suitability of RS matt black to thermoelastic stress analysis 
with a particular focus on the small temperature changes associated with residual stress. 
Eight other commercially available paints are investigated to provide an understanding of the 
effects of different paint coatings and a range of characteristics are explored. These consist 
of different colours including white, grey and black, surface finishes from satin and smooth 
to matt, and several paints with specific high temperature properties. While it is intuitive that 
a matt black surface finish would provide a high emissivity surface, no investigation into the 
use of different coating characteristics for TSA has previously been published. 
 
The nine paint types were tested on aluminium 2024 strip specimens with cross-sectional 
areas of approximately 30 mm x 4 mm. Aluminium specimens were used to establish an 
appropriate paint type as they yield a greater thermoelastic response than steel. The 
specimens were cyclically loaded at an amplitude of ±5 kN (42.3 MPa) about a mean load of 
10 kN (84.6 MPa). TSA data was recorded at loading frequencies from 10 Hz to 30 Hz in 
increments of 5 Hz. The experimental thermoelastic constant was calculated from the 
measured values of T,  ∆T  and the known applied stress, and then compared with the 
expected value of 9.54 x 10
-12 Pa
-1. Since the purpose of this work was solely to establish the 
suitability of the different types of paint, a standard thickness of ‘two passes’ was used 
throughout; the effects of loading frequency and paint thickness are discussed in Section 5.7.  
 
5.6.1 Results and discussion 
From the nine paint types tested, two potentially suitable coatings were identified. The 
values of T and ∆T obtained at a loading frequency of 10 Hz are shown in Table 5.3 as well 
as the corresponding calculation of the thermoelastic constant, K. The thermoelastic data was 
taken over an area of approximately 40 x 30 pixels in the centre of each painted specimen; 
the variations in the measurements are also shown in Table 5.3, and are based on the 
standard deviation within the area of interest. For some coatings, the variation is substantial 
and similar in magnitude to the mean response, this is compared to approximately 2% for RS 
matt black and Plasti-kote matt super black. The significant parameter is ∆T, as any variation 
in the mean temperature, T, has little effect on the thermoelastic constant. The results for the 74 
 
 
RS matt black paint suggest that the minimum resolvable temperature change is 
approximately 5 mK for the data collection parameters used in this test, which is very close 
to the manufacturers quoted value (see Section 3.3). 
 
From the data obtained, it was clear that a satin or smooth surface finish did not provide 
suitable conditions for TSA as the surface emissivity was highly non-uniform, preventing 
any meaningful thermoelastic data being recorded. It was also evident that a matt finish was 
not the only prerequisite for a suitable coating, matt white and matt grey surfaces provided a 
much reduced thermoelastic response with a higher noise content in comparison with a matt 
black surface.  
 
Table 5.3  Paint types used for initial TSA measurements and their thermoelastic response (10 Hz) 
 
It can be concluded from Table 5.3 that RS matt black (I, 9.61 x 10
-12 Pa
-1) and Plasti-kote 
matt super black (D, 9.33 x 10
-12 Pa
-1) were the only paint types that provided a reliable 
thermoelastic response that was consistent with expectations (9.54 x 10
-12 Pa
-1). It should be 
remembered that a ‘standard’ coating thickness of two passes was used throughout, which 
was found to be insufficiently accurate for residual stress based investigations, but is suitable 
for assessing different paint types at this point. Further tests were conducted to examine each 
paint type in greater detail and it was observed that RS matt black yielded a more consistent 
thermoelastic response than the Plasti-kote matt super black over a greater range of 
frequency and paint thicknesses. RS matt black has thus been established as the most suitable 
paint coating, vindicating the extensive use of this paint in the vast majority of previous 
work. Effort was therefore concentrated on the use of this paint coating in the investigation 
into the effects of paint thickness and loading frequency. 
   
Paint     Paint Type  ∆T (K)  T (K)  K (Pa
-1), x 10
-12 
A  Hammerite - Smooth Black  0.110 ± 0.091  298.57 ± 0.234  4.37 ± 3.66 
B  Plasti-kote - Radiator Satin Black 664  0.096 ± 0.060  297.97 ± 0.221  3.84 ± 2.01 
C  Plasti-kote - Matt Super 3102 Grey  0.084 ± 0.061  297.45 ± 0.453  3.60 ± 2.04 
D  Plasti-kote - Matt Super 3101 Black  0.214 ± 0.007  295.06 ± 0.008  9.33 ± 0.23 
E  Plasti-kote - Metal Primer 10598 White  0.071 ± 0.063  295.27 ± 0.415  2.87 ± 2.44 
F  Hammerite - Satin Black  0.105 ± 0.052  295.46 ± 0.375  4.35 ± 1.74 
G  Plasti-kote - BBQ 150 Black  0.150 ± 0.081  296.12 ± 0.341  6.25 ± 2.71 
H  Plasti-kote - Matt Super 3100 White  0.081 ± 0.072  296.56 ± 0.101  3.55 ± 2.41 
I  RS matt black  0.231 ± 0.005  296.32 ± 0.005  9.61 ± 0.16 75 
 
 
5.7. Paint thickness  
Having established RS matt black as a suitable coating, it was necessary to define an 
appropriate paint thickness. Previously, ‘two passes’ had been used as a guideline, which has 
proved adequate in measurements thus far. However, the magnitude of the response that is to 
be investigated is significantly smaller, and the fact that ‘two passes’ is highly operator 
dependent has been discussed. In order to define a procedure that provides a consistent and 
uniform surface coating, it is necessary to investigate the thermoelastic response at different 
paint thicknesses, and to quantify the paint thickness at which the correct response is 
recorded. Since the thermoelastic response at any given paint thickness is also dependent on 
the loading frequency, the effects of both paint thickness and loading frequency are explored 
concurrently. 
 
Mild steel (AISI 1016) strip specimens were used with cross-sectional areas of 
approximately 30 x 4 mm. Variation in paint thickness was achieved by successive passes of 
the aerosol spray, from one pass to six passes, one specimen was coated with two to twelve 
passes to understand the behaviour at greater thicknesses and to enable more of the 
frequency vs. thickness graph to be populated. Each pass consisted of a single movement of 
the spray can across the specimen at approximately 1 m s
-1 with the nozzle was positioned 
approximately 300 mm from the surface. Prior to spraying the specimens were surface 
ground to ensure a flat substrate surface, and a section of the specimen remained unpainted 
to provide a reference height for the substrate from which the paint thickness could be 
measured. The specimens were cyclically loaded at an amplitude of ±4 kN (35 MPa) about a 
mean load of 5 kN (43 MPa). Thermoelastic data were recorded at loading frequencies from 
2.5 to 35 Hz in increments of 2.5 Hz.  
 
5.7.1. Thickness measurement 
Quantitative values of the paint thickness were obtained using confocal laser scanning 
microscopy (CSLM); data were recorded using a TaiCann 4000 Xyris machine, fitted with a 
Kayence LT 9010 confocal lens. An area on the surface of the specimen that traversed the 
painted section and the substrate surface was analysed so that the thickness of the coating 
could be measured. Four hundred data points were recorded in the x-direction (every 0.02 
mm over a length of 8 mm, encompassing 4 mm across the substrate surface, and 4 mm 
across the painted surface); this process was repeated forty times in the y-direction (every 0.2 
mm) such that a complete data set covering an area of 8 mm x 8 mm was recorded. Finally, a 
least squares fit was applied to obtain a value for paint thickness on the specimen surface; 
this was normalised such that the substrate surface height is zero. A typical example of the 
paint thickness measurement is shown in Figure 5.6. The spike in the data indicates the 76 
 
 
transition from the unpainted surface to the painted surface and has not been considered 
when defining paint coating thickness. 
 
 
 
Figure 5.6  Typical CLSM measurement of paint thickness. 
 
5.7.2. Results and discussion - steel 
The effects of loading frequency and paint thickness on the experimental thermoelastic 
constant are shown in Figure 5.7. The expected thermoelastic constant for AISI 1016 is 3.04 
x 10
-12 Pa
-1 and is shown in the figure as a black line. The different coating regimes outlined 
in Section 5.3 can be identified in Figure 5.7, which shows the variation of thermoelastic 
constant with respect to paint thickness. For ease of presentation and for comparison with 
stainless steel and aluminium, quantitative values of thickness have not been used, rather the 
coating thickness is described as a number of passes of paint; the numerical values of paint 
thickness are used in Section 5.7.5 where the response is compared to theory, and are listed 
in Appendix C.  
 
After 1 pass of paint, the coating is considered opacity limited, where the surface emissivity 
is that of the combined surface and paint coating, resulting in a reduced thermoelastic 
response. The coating appears to act as a high emissivity coating at a thickness of 2 to 3 
passes, at low loading frequencies (5 to 20 Hz). The response enters the coating diagnostic 
region as the frequency and paint thickness are increased, marked by a significant reduction 
in the thermoelastic response, i.e. thermal drag-down [88] as described in Section 5.3. For 2 
to 3 passes of paint the experimental thermoelastic constant correlates well with the literature 
value over a frequency range of 5 to 20 Hz. Since the thermoelastic response, and thus 
thermoelastic constant should be independent of loading frequency given adiabatic 
conditions, it can be concluded that the experimental variation of thermoelastic response is 
purely an attenuation effect of the coating.  
 
It can be concluded from Figure 5.7 that the paint coating gives a good representation of the 
surface temperature when it is between 2 to 3 passes thick (measured in this case as 12 to 27 77 
 
 
μm  thick),  at  loading  frequencies  between  5  and  15  Hz.  Outside  of  these  regions,  a 
significantly reduced thermoelastic response could be measured. This is clear evidence that 
great care should be taken to ensure the correct paint thickness is achieved on the specimen 
surface and that the loading conditions should be taken into consideration during both the 
preparation stage, and during analysis of results. The sensitivity of the thermoelastic 
response to both frequency and coating thickness highlights the need to investigate coating 
characteristics for all the materials used in this work. These include steel, stainless steel and 
aluminium. 
 
Figure 5.7  Effect of paint thickness on the thermoelastic constant (AISI 1016 steel). 
 
5.7.3. Results and discussion - stainless steel 
Stainless steel specimens were analysed with cross-sectional areas of approximately 30 mm 
x 2 mm. Variation in paint thickness was achieved by successive passes of the aerosol spray, 
from one pass to six passes. The specimens were cyclically loaded at an amplitude of ±3 kN 
(51 MPa) about a mean load of 4 kN (68 MPa). Thermoelastic data were recorded at loading 
frequencies  from 5 to 30 Hz in increments of 2.5 Hz. The experimental thermoelastic 
constant and the effects of loading frequency and paint thickness are shown in Figure 5.8. 
 
The expected thermoelastic constant for 316L stainless steel is 4.0 x 10
-12 Pa
-1 and is shown 
in the figure as a black line. It is noted that the material properties of density, specific heat 
and coefficient of thermal expansion were taken from literature values, therefore a small 
variation in K between calculated value and the experimentally obtained value is admissible. 
From inspection of the results, it would appear that the thermoelastic constant for this 
particular stainless steel is approximately 3.9 x 10
-12 Pa
-1. The coating regimes outlined in 78 
 
 
Section 5.3 can be identified in Figure 5.8; significant thermal drag-down can be seen at high 
loading frequencies for any paint thickness of 3 passes and above, and below 2 passes of 
paint the coating response is opacity limited. The effect of thermal dragdown (i.e. the effect 
of loading frequency at a given paint thickness) is higher for stainless steel than for steel for 
the ideal paint thickness of 2 passes; a 5% reduction in thermoelastic constant is seen 
between 5 Hz and 30 Hz compared with a 3.5% difference for mild steel. It can be seen in 
Figure 5.8 that for 2 and 3 passes of RS matt black the thermoelastic constant is consistent 
between 5 and 15 Hz. Therefore it has been concluded that the coating characteristics and 
procedures defined for steel (see Section 5.7.2) are valid and appropriate for the analysis of 
stainless steel specimens. 
 
 
 
Figure 5.8  Effect of paint thickness on the thermoelastic constant (stainless steel). 
 
5.7.4. Results and discussion - aluminium 
Specimens were analysed with cross-sectional areas of approximately 30 x 3 mm. Variation 
in paint thickness was achieved by successive passes of the aerosol spray, from one pass to 
six passes. The specimens were cyclically loaded at an amplitude of ±4 kN (44 MPa) about a 
mean load of 5 kN (55 MPa). Thermoelastic data were recorded at loading frequencies from 
5 to 25 Hz in increments of 2.5 Hz. The thermoelastic constant was calculated from 
experimental results and used to establish suitable conditions. The results are presented in 
Figure 5.9. 
 
The expected thermoelastic constant is 9.54 x 10
-12 Pa
-1 and is shown in Figure 5.9 as a black 
line. It can be seen that if the coating thickness is too large, there is a significant reduction in 79 
 
 
the thermoelastic response. The effect of loading frequency is also significant if the coating 
thickness is large. 
 
 
 
Figure 5.9  Effect of paint thickness on the thermoelastic constant (Aluminium). 
 
5.7.5. Theoretical predictions vs. experimental results - steel 
The following section compares theoretical predictions of the infra-red flux based on the 
thermal wave equation (Equation 5.1), and the experimentally measured thermoelastic 
response. The results presented are for steel, and from the same data set as those shown in 
Section 5.7.2; Figures 5.10 to 5.17 and have been plotted in the same form as Figures 5.1 and 
5.2 for ease of comparison. The theoretical data used in this work is taken from the updated 
theoretical predictions in Figures 5.3a and 5.3b, using the values for steel from Table 5.1. 
Quantitative values of paint thickness have been plotted to enable identification of 
appropriate conditions for future TSA experiments. The coating regions defined by Welch 
and Zickel [17] have been labelled on Figures 5.11, 5.13, 5.15 and 5.17. It should be noted 
that steel specimens were surface ground to provide a flat surface enabling quantitative 
measurements of paint thickness; this was not possible for stainless steel and aluminium 
specimens, and therefore the theoretical response has only been calculated for steel 
specimens. 
 
The  experimental  thermoelastic  response  (∆T) is plotted for a specimen with thickness 
ranging from 20 to 80 μm (2 to 12 passes) and tested at cyclic loading frequencies between 
2.5 and 35 Hz, and is shown in Figures 5.10 and 5.11. The theoretical coating response 
(infra-red flux, F) from Equation (5.1) for the same paint thickness and loading frequency 80 
 
 
range is shown in Figures 5.12 and 5.13. As noted in Section 5.4, the theoretical behaviour is 
useful in determining the behavioural characteristics and potential limitations of the coating, 
whereas it is the changes in experimental thermoelastic response that are the key interest. No 
quantifiable comparison can be made since the vertical scales of ∆T and infra-red flux are 
proportional, and it was not possible to infer sufficient information from [16, 17] to enable 
more quantitative values to be obtained. However, qualitatively there is very good agreement 
between the experimental and theoretical data. In Figure 5.10, at large thickness (≈ 80 μm) 
and large frequency (> 30 Hz) the coating reaches a plateau and enters the strain witness 
region, where the thermoelastic response is from the coating alone.  
 
Figures 5.14 to 5.17 show a comparison of the theoretical and experimental coating response 
with paint thickness ranging from 7 to 38 μm (1 to 6 passes) and loading frequencies from 
2.5 to 35 Hz. Again, good agreement can be seen between the experimental data and 
theoretical model; however, there are differences between the experimental and theoretical 
results that warrant some discussion and suggest that in certain instances the theoretical 
model does not accurately predict the thermal response. 
 
The model consistently predicts a decrease in response with either increasing loading 
frequency or paint thickness. The experimental data follows a similar trend but also shows 
that if either the frequency or the thickness is small (and within the specified range that is 
acceptable), then variation of the other will not cause a significant decrease in response. This 
is not predicted by the theoretical model. This may not be directly significant in this work 
since the experimental loading frequencies are within the usual operating range, and 
minimising signal attenuation takes precedence over achieving particular loading conditions. 
However, in specific TSA applications, where very high accuracy is not required, and 
establishing specific loading conditions is more important, this feature may be noteworthy.  
 
The theoretical model implies the optimum coating characteristics are a very thin coating, 
loaded at a very low loading frequency; the experiments showed that if either the paint 
thickness or the loading frequency is too low, a significantly reduced thermoelastic response 
is recorded. This indicates that in reality a much thicker paint coating than predicted is 
necessary to achieve a high emissivity coating.  Finally, in the experimental data, the strain 
witness region was seen to occur at a paint thickness above 70 μm and loading frequencies 
above 30 Hz. This was not a feature of the theoretical data, where the strain witness region 
was predicted to occur at much higher values of frequency and thickness. 
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Figure 5.10  Variation in experimental paint coating response on an AISI 1016 steel substrate 
with changing frequency (2.5 Hz to 35 Hz)  and paint thickness (20 μm to 80 μm). 
 
 
 
Figure 5.11  Contour plot of experimental response on an AISI 1016 steel substrate with 
changing frequency (2.5 Hz to 35 Hz)  and paint thickness (20 μm to 80 μm). 
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Figure 5.12  Variation in theoretical response of paint coating on an AISI 1016 steel substrate 
with changing frequency (2.5 Hz to 35 Hz)  and paint thickness (20 μm to 80 μm). 
 
 
 
Figure 5.13  Contour plot of theoretical response of paint coating on an AISI 1016 steel substrate 
with changing frequency (2.5 Hz to 35 Hz)  and paint thickness (20 μm to 80 μm). 
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Figure 5.14  Variation in experimental paint coating response on an AISI 1016 steel substrate 
with changing frequency (2.5 Hz to 35 Hz)  and paint thickness (7 μm to 38 μm). 
 
 
 
Figure 5.15  Contour plot of experimental response on an AISI 1016 steel substrate with 
changing frequency (2.5 Hz to 35 Hz)  and paint thickness (7 μm to 38 μm). 
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Figure 5.16  Variation in theoretical response of paint coating with changing frequency                 
(2.5 Hz to 35 Hz)  and paint thickness (7 μm to 38 μm). 
 
 
 
Figure 5.17  Contour plot of theoretical response of paint coating with changing frequency             
(2.5 Hz to 35 Hz)  and paint thickness (7 μm to 38 μm). 
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5.8. Summary and conclusions  
It is necessary to apply a thin coating of matt black paint to metallic specimens in order to 
allow thermoelastic measurements to be recorded. The preparation is required to create a 
uniform and high emissivity surface. Unfortunately, the coating is known to cause 
attenuation of the thermoelastic signal. In previous work, two passes of RS matt black paint 
has been used as a standard paint coating. It was useful to consider other paint types as the 
standard was first established in the 1980s and since then other products have emerged. 
Regarding paint thickness, it should be acknowledged that the thickness of the paint applied 
to the surface is strongly operator dependent, and relies on the skill of the operator. In many 
TSA studies, the error associated with the coating is not significant in comparison to the 
recorded signal. However, if high resolution is required, the change in temperature is small, 
or if small variations in the response are of interest, the relative magnitude of the error from 
the paint coating can be considerable. An investigation into the effects of paint type, paint 
thickness and loading frequency was essential to understand the effects of the coating, 
minimise the source of error, and to enable an informed analysis of later results.  
 
Experimental work investigating the sensitivity of the response due to the paint coating on 
aluminium specimens (paint type, Section 5.6) and steel (paint thickness, Section 5.7) 
concluded that RS matt black paint is a good coating for thermoelastic measurements. 
Variations in paint coating thickness may have deleterious effects on the thermoelastic 
response, so careful consideration should be paid to achieving a uniform thickness during 
application. If the paint coating is too thin the thermoelastic response will be underestimated; 
at large paint thicknesses and loading frequency the phenomena of thermal lag and thermal 
drag-down become significant. At lower loading frequencies (2.5 to 15 Hz) the thermoelastic 
response did not vary greatly with coating thickness. Similarly, at low paint thicknesses, the 
thermoelastic response was not significantly affected by increasing loading frequency (up to 
35 Hz). At cyclic loading frequencies above 15 Hz significant thermal drag-down could be 
seen if the coating thickness was greater than approximately 25 μm. The ideal thickness for 
RS matt black was found to be 2 to 3 passes of paint. Paint thickness measurement for each 
identically prepared specimen showed that ‘two passes’ ranged from 12 to 23 μm, and ‘three 
passes’ ranged  from  17  to  27  μm.  A  complete  analysis  suggested  that  the  ideal  paint 
thickness for TSA should be between 15 μm and 25 μm.  
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Following the analysis of all TSA and microscopy data, the following conclusions have been 
made with respect to suitable coating characteristics for thermoelastic stress analysis: 
 
1.  RS matt black paint is a suitable coating for thermoelastic stress analysis of metallic 
materials.  
 
2.  A cyclic loading frequency of between 5 and 15 Hz should be used where possible 
but should be balanced with the requirement of achieving adiabatic conditions in the 
specimen. With ‘two passes’ of paint the loading frequency can be increased to 
approximately 25 Hz, without any significant attenuation of the response for 
standard applications of TSA. 
 
3.  Acceptable paint thickness for thermoelastic measurements range from between 2 to 
3 passes, but this is still qualitative and operator dependent. More importantly, it is 
necessary that this coating correlates to a thickness of between 15 µm and 25µm.  
 
4.  Due to the operator dependant nature of the process, variation of paint thickness is 
probable. It is important that the correct paint thickness is achieved and appropriate 
checks are made to establish the suitability. A procedure for the application of the 
coating is suggested in Appendix D and several methods for checking the suitability 
of the coating are documented. 
 
This work was motivated by the requirement to measure small temperature changes and 
second order effects in the thermoelastic response, to establish a new residual stress 
methodology. Nevertheless, the findings are directly relevant for any thermoelastic stress 
analysis of materials that utilise a paint coating to standardise the emissivity of the surface. 
These recommended test conditions are directly applicable to steel, but the ideal loading 
conditions for TSA of other metallic materials with a paint coating are expected to be 
similar. It is recommended that a similar study of the effects of paint thickness and loading 
frequency should be carried out for the paint/substrate combination under investigation if 
high accuracy is an important requirement. It is not practical to perform a technique such as 
confocal laser scanning microscopy on every specimen; it is a time consuming process which 
would violate the reasons for using a paint coating in the first place. Throughout the 
remainder of this work, a coating thickness measurement device (CMI153) is used to verify 
the paint thickness; it is capable of measuring thicknesses from 1 µm to 2040 µm and is 
accurate to ±2 µm for ferrous and non-ferrous substrates. While the accuracy of the CMI153 
is similar to the coating thicknesses required, and it is operating towards the lower end of its 87 
 
 
capability, it is a point measurement device that allows very quick inspection of the surface 
coating that yields sufficient information to determine whether the coating is suitable for 
TSA measurements. 88 
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Chapter 6  
 
Establishing Suitable Conditions for TSA based 
Residual Stress Assessment 
 
The magnitude of the variations in thermoelastic data related to residual stress is small, and 
the major factors known to influence the change in thermoelastic response are non-adiabatic 
effects such as the high emissivity coating (discussed in chapter 5) and also background 
temperature, applied stress and the infra-red detector settings. In this chapter, an 
investigation into the experimental setup is conducted; this includes a study of the detector 
settings, and the parameters for future experimental work are defined. 
 
6.1 Research objectives 
Establishing suitable test conditions, and having an understanding of the errors associated 
with the measurements being taken is of obvious importance in any experimental study. 
Even obtaining standard TSA measurements may not be straightforward, despite a fairly well 
established experimental setup. As shown in Chapter 5 with regards to the surface coating, 
and in Chapter 3 regarding non-adiabatic effects, situations can arise where the thermoelastic 
signal is attenuated without any clear evidence of an inaccurate experiment, resulting in the 
measured response not being a true representation of the surface temperature change. In 
early work, detectors were either not sensitive enough for some of these effects to be 
noticeable or the required accuracy of the stress measurement was not sufficient for them to 
cause concern. However, due to the recent improvements in detector technology, greater 
temperature resolution has enabled these deleterious effects to be observed more clearly. 
 
In the circumstances described in the thesis high accuracy is required as the temperature 
changes are very small. The resolution of the system is of the order of the measurement of 
interest, so the small errors that may be tolerated in standard TSA cannot be disregarded. It is 
important that every element of the test setup is examined, the possible influence on the 
measurements established, and where possible minimised or removed. To identify suitable 90 
 
 
conditions for the experiments conducted in this work, the following objectives were 
defined: 
 
•  Investigate the importance of the experimental errors associated with the test 
machine setup and applied loads. 
 
•  Examine the influence of changes to the detector settings and properties, including: 
data capture frame rate, integration time, number of images recorded, non-
uniformity correction, and camera temperature. 
 
•  Investigate the effects that background temperature and non-uniform background 
radiation have on the accuracy and variation of thermoelastic measurements. 
 
•  Quantify the accuracy, precision and errors associated with the temperature 
measurements under these conditions. 
 
•  Establish suitable conditions under which all further experimental work can be 
conducted. 
 
By rigorously investigating the errors associated with the experimental setup and defining 
appropriate conditions, it is possible to have confidence that the measured thermoelastic 
response is at the current limit of precision available. 
 
6.2 Experimental setup and data processing 
The basic test setup consists of the specimen being installed in a servo-hydraulic test 
machine and the Cedip 480M infra-red detector positioned and directed at the area of 
interest. To generate the stresses to be measured, the specimen is subjected to a sinusoidal 
cyclic load at a sufficient frequency to achieve adiabatic conditions. The detector records the 
infra-red radiation from the surface of the specimen over a number of cycles for a user 
specified time and at a given frame rate. Usually this takes approximately 3 seconds, but is 
entirely dependent on the user defined parameters. The images are stored and can be viewed 
sequentially as a video. The recorded data is processed and radiometric calibration files 
enable the thermoelastic signal to be directly processed into temperature data. Each pixel 
represents one of the elements in the detector array, and for each image of the video, each 
pixel contains a value that is proportional to the infra-red radiation that was recorded over 
part of the cycle defined by the integration time. 91 
 
 
 
The thermoelastic signal is correlated to the loading signal from the test machine (known as 
the lock-in technique) such that only the infra-red response at the specified loading 
frequency is analysed, significantly reducing the level of noise. Processing using AltairLI 
software yields three files, output in the form of images for ease of manipulation and 
presentation using the Altair software. Alternatively the data at each point can be easily 
exported in a suitable format for manipulation in other software. The first file (*.ptw) 
contains the temperature change, ∆T; this is calculated from a fast Fourier transform (FFT) 
based averaging procedure operated over all the recorded images. The second file (*.ptp) 
contains phase data which enables the stress change to be identified as either compressive or 
negative; this is also obtained from the FFT. The temperature change should be negative if 
tensile, and positive if compressive, and thus the phase of the temperature change should be 
either in phase (0º) or out of phase (180º) with the loading signal. Analysis of the phase data 
also allows areas of non-adiabatic behaviour to be identified. The third file (*.ptm) contains 
the absolute temperature of the specimen for each pixel.  
 
Having obtained the temperature change, ∆T, the absolute temperature, T, by calculating the 
thermoelastic constant, K, (either experimentally or from material properties) the sum of the 
principal stresses on the surface of the specimen can be obtained. However, it was 
highlighted in Chapter 3 that the calculation of K may not be as straight forward as one 
would like due to the stress and temperature dependence of some material properties. Using 
an accurate thermoelastic constant is very important for ensuring correct stress 
measurements, and the methodology for obtaining K is outlined in Section 4.7. It is equally 
important that temperatures recorded are correct representations of those occurring on the 
surface of the specimen. Apart from the surface coating already discussed, there are three 
main areas of interest that warrant further investigation: (i) the physical considerations of 
mechanical loading, (ii) optical artefacts  that can be associated with using infra-red 
detectors, and (iii) optimisation of the detector settings to maximise the thermoelastic signal 
and minimise noise content.  
 
6.2.1 Test machine and applied loads 
An Instron 8802 servo-hydraulic test machine was used to provide the cyclic load and 
generate the thermoelastic temperature change; this is the experimental procedure used for 
the majority of the TSA described in this thesis. The test machine is routinely calibrated by 
the manufacturer, and throughout each test, the mean load and load amplitude were closely 
monitored. Prior to each test, the machine undergoes the manufacturer recommended warm-
up cycle, and an auto-tune procedure is conducted. The test machine utilises hydraulic grips 92 
 
 
to clamp the specimen, ensuring that no slip occurs within the jaws of the machine. Finally, 
all specimens are positioned and aligned carefully in the machine using an angle-meter, and 
the dimensions of each specimen are measured using callipers accurate to 0.01 mm. It can be 
concluded that there is negligible variation of the thermoelastic response between specimens 
as a result of the applied load. 
 
Some rigid body motion will be present in any dynamically loaded specimen, and motion is 
particularly noticeable at specimen edges, or at sharp stress gradients. While this is a clear 
limitation of the system, it is possible to compensate for motion and it should be noted that 
these effects only become significant when the magnification of the system is sufficiently 
large to resolve the motion. Motion compensation is usually only required when using the 
G1 lens, however for general TSA using the Cedip system, data obtained using the 27 mm 
does not usually require motion compensation. However, motion compensation was 
conducted in this work where some motion was apparent. 
 
Motion compensation is achieved by identifying two significant and contrasting features in 
the first frame of the recorded data. These features are tracked throughout subsequent 
frames, which are then distorted and realigned such that any motion appears stationary. This 
procedure is able to account for any translation, rotation, or deformation that occurs. The 
quality of the motion compensation is dependent on both the contrast of the selected features 
as well as the size of the motion; it is also possible that noise may be introduced into the 
image due to sub-pixel interpolation, and should be acknowledged when motion 
compensation is undertaken. Finally, it is necessary that the thermoelastic response is large 
compared to the noise threshold of the detector, to ensure that valid motion compensated 
data can be obtained. 
 
The work in Chapter 8 uses Equation (3.3) and therefore it is useful to consider the possible 
errors that may occur due to use of inaccurate material properties. Some of these properties 
are taken from literature and therefore may vary from the actual material used, and others are 
calculated from experimental work which may contain errors in themselves. The properties 
examined are: elastic modulus, E, Poisson’s ratio, υ, specific heat capacity, Cp, density, ρ, 
and the temperature dependence of E, dE/dT; experimental work showed that dυ/dT was 
negligible and therefore has not been considered. Using Equation (3.3), the magnitude and 
percentage change in ∆T was calculated for a 1% change in each property. The variation of 
∆T caused by variations in E, dE/dT and υ, was no more than 0.08 mK over a range of 
applied stresses and typically accounted for a 0.05% change in ∆T; given that these 
properties can be obtained to a good degree of accuracy, the possible errors from these 93 
 
 
properties are not significant. Changes in Cp and ρ of 1% yielded a 1% change in ∆T, as 
would be expected  from inspection of Equation (3.3),  which represented a temperature 
difference of approximately 1 mK. It is noted that this is lower than the changes in ∆T 
expected from residual stress and furthermore, these properties are well established for the 
materials used in this work and therefore the influence of density and specific heat are not 
considered to be significant. In addition, any error would be applied to all data and would 
therefore not influence the comparison of data sets. The effect of the coefficient of linear 
thermal expansion, α, was not investigated since it is explored in Chapter 7, and has been 
identified as a potential route for deriving residual stress. 
 
6.2.2 Optical artefacts 
Spurious contributions to the measured radiation can occur due to what are called optical 
artefacts, these are issues associated with using infra-red detectors in general. One of these 
artefacts is termed the Narcissus effect, which occurs when observing surfaces with high 
reflectivity. Generally in infra-red thermography, the temperature of the detector housing is 
significantly higher that the specimen of interest, due to the internal cooling system (required 
to maintain the correct detector temperature). The thermal radiation from the detector is 
reflected by the specimen surface and a thermal image of the camera itself can be seen 
superimposed on the measured data. This effect is reduced with the use of a high emissivity 
coating; nevertheless it is not possible to completely eliminate these reflections and this can 
be particular issue for infra-red thermography. However, providing that the temperature of 
the detector is constant the reflections will be constant in time, and thus the narcissus effect 
will be removed during the lock-in data processing used in TSA. It should be noted, that this 
is only true if the specimen is motionless, such that the reflection is not displaced throughout 
the recorded images. If there is significant motion, this can be removed using motion 
compensation as described previously. If the motion is minimal, the influence of the 
narcissus effect will be small, and the use of a high emissivity coating enables this effect to 
be neglected given that the reflected signal will be significantly reduced.  
 
There are two other optical artefacts that have been reported in [98], the ‘background effect’ 
and the ‘inverse narcissus effect’. These are both due to the design of the optical lens and are 
more relevant to infra-red thermography using the G1 lens, as opposed to TSA using a 27 
mm lens, but have been included for completeness. Firstly, background radiation enters the 
lens, and it is possible that a small portion of incoming radiation entering at a certain angle 
may be reflected back to the specimen surface. This will then form a contribution to the 
measured emission from the specimen surface. The effect is typically small, and was not 
negligible when the background radiation was significantly large. Similarly, for the inverse 94 
 
 
narcissus effect, radiation from the specimen surface enters the lens, multiple reflections 
occur and as a result, a very small number of reflected rays return to the specimen surface, 
which partially reflects them further and they re-enter the lens. Experimental work in [98], 
showed the effect to be approximately 1% of the intensity of the source for the G1 lens; no 
work was reported using the 27 mm lens. 
 
The two artefacts described above have been mentioned for completeness, however neither 
are sufficiently large to be of any great significance in this work. Firstly, the high emissivity 
coating will cause the already very small portion of reflected radiation from the lens to be 
even smaller when re-reflected from the specimen surface. Secondly, it was noted that this 
effect can essentially be removed by subtraction if a blackbody or uniform level of 
background radiation is achieved around the specimen. Thirdly, lens configurations are 
typically designed to minimise the radiation that can be reflected from the lens itself anyway. 
The majority of the work is conducted using a 27 mm lens which is positioned significantly 
far from the specimen to further reduce these effects. Finally, these artefacts were measured 
under specific conditions which allowed these effects to be seen; a low emissivity surface 
was used such that reflected radiation is high, a large background temperature (40 ºC) was 
present to maximise the signal to noise ratio of the reflections, and comparison was made 
between two images as opposed to the averaging over several hundred that would occur 
using TSA. It was shown that provided a sufficiently high emissivity surface is used and a 
uniform level of background radiation is provided around the specimen, these optical 
artefacts can be considered negligible in comparison to the other potential sources of error. 
 
6.3 Detector settings and parametric study 
The noise equivalent temperature difference (NETD) of the Cedip Silver 480M system is 
15.56 mK. For TSA, the lock-in technique enables further processing allowing the NETD to 
be reduced to approximately 4 mK [82] which can possibly be reduced further by optimising 
the detector settings for a particular application. To maximise the thermoelastic signal while 
minimising the noise content, a study of the detector settings was conducted, enabling the 
system to be optimised for residual stress related TSA measurements. Whilst each parameter 
is investigated independently, some are intrinsically linked, for example, a change in frame 
rate or integration time requires a new non-uniformity correction to be performed and 
therefore some coupling exists. The following variables were investigated: non-uniformity 
correction, integration time, frame rate, number of images, background effects, and the 
camera and background temperature. 
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(i)  Non-uniformity correction 
The Cedip camera operates with an array based system, so it is inevitable that each 
individual element in the array will have a slightly difference response. Therefore it is 
necessary to perform a non-uniformity correction (NUC) to correct for irregularities in the 
detector response prior to each series of measurements being taken. A ‘blackbody’ is placed 
in front of the detector and a number of images taken. The infra-red response for each 
element is recorded, and corrections are then applied where necessary such that all elements 
read the same value. Since it is not possible to use a perfect blackbody, there is likely to be 
some variation of the infra-red radiation emitted from its surface. Subsequently, very small 
errors in the corrections applied to certain elements will be present; errors will also exist 
from truncating of the correction constants applied to each element. The potential errors due 
to NUC are likely to be much smaller than other sources, and are likely to be negligible in 
comparison; however, it is necessary to ascertain the possible error due to this NUC process 
since it must be performed each time the detector is used. 
 
(ii)  Integration time 
The integration time is the period of time over which each CCD element accumulates charge 
from incoming photons; the resulting voltage is converted to the digital signal. If the 
integration time is too long the number of photons detected, or charge accumulated, will 
reach the maximum threshold and the detector becomes ‘saturated’. In essence, any further 
photons received will not increase the charge, and thus will not change the measurement. In 
contrast, if the integration time is too short, the resolution will be poor and the accuracy of 
the resulting temperature measurement will be reduced. Ideally, a long integration time 
should be chosen such that the highest temperature resolution is achieved without any 
elements of the detector becoming saturated. In specimens where there are large stress 
gradients or heating for example, it may be necessary to compromise the temperature 
resolution in some areas to avoid saturation in others; or conversely, to allow part of the 
detector to become saturated to observe a particular area of interest at a greater temperature 
resolution. There is also a trade-off with the frequency of data capture if a particularly high 
frame rate, or extremely long integration time is required, however this relationship is not 
considered important to this work as there is no requirement for high loading rates.   
 
(iii)  Frame rate 
The frame rate is the number of images recorded per second, and it is governed in some 
instances by the integration time, but more generally by the maximum permissible rate of 
data transfer of the hardware. Using the entire 320 x 256 array at 1300 µs, the maximum 
achievable frame rate is 383Hz, although this frame rate could be increased by reducing the 96 
 
 
number of elements in the array that are being used, i.e. ‘windowing’. In this work, the entire 
320 x 256 detector array is used. For any given number of images, the frame rate will also 
define the length of time over which data is recorded. It is important to ensure that the 
recording frame rate is much larger than, and not a multiple of, the cyclic loading frequency 
of the specimen. This ensures that the temperature change over the complete cycle is 
recorded, and not just at specific points of the sine wave. Typically, a frame rate that is a 
prime number is chosen to ensure a different point on the curve is sampled, and maximising 
the number of images recorded over a single cycle ensures that the maximum and minimum 
temperatures, and thus ∆T, can be more accurately obtained. 
 
(iv)  Number of images 
In conjunction with the frame rate, the number of images essentially defines the overall 
length of time that data is recorded, and subsequently the number of complete loading cycles 
that are observed. For example, 1000 images recorded at a frame rate of 200 Hz would take 5 
seconds; if the cyclic loading frequency was 10 Hz, 50 complete loading cycles would be 
observed, and processing of the temperature change, ∆T, and absolute temperature, T, would 
be performed over all these cycles. Similarly 100 images recorded at 200 Hz would take 0.5 
seconds and thus only 5 complete loading cycles would be observed. Data processed over 
just a few cycles is likely to be less accurate and could be biased by a minor discrepancy in 
the loading, or the fact that the actual maximum and minimum points of the sine wave have 
not been sampled. It could be argued that a larger number of images would yield a more 
accurate response, however there is likely to be a point whereby increasing the number of 
images no longer increases the accuracy, and serves only to increase the amount of data 
recorded and ultimately the file size. The maximum number of images that can be recorded 
is also dependent on the size of the memory buffer in the detector. While it is possible to 
record data straight to the hard-drive, allowing an ‘unlimited’ amount of data to be recorded, 
it has been noted that frames have been lost in data recorded in this way. In this work, all 
data was recorded to the detector memory, and transferred to the computer for processing 
later. 
 
(v)  Background effects 
Since it is not possible to achieve a high emissivity black body type surface, there will 
always be a portion of radiation reflected from the surface and it is known that background 
radiation can cause errors in the measured temperature changes. While the lock-in technique 
reduces the noise content of the thermoelastic signal, the magnitude of background effects 
still warrants investigation, especially if the background and specimen are at significantly 
different temperatures. Ideally all background radiation would be eliminated, but this is not 97 
 
 
possible; however, it is possible to reduce or provide a more uniform level of background 
radiation. It should be noted that the investigations into the effects of other parameters were 
all conducted with the specimen enclosed by black cloths. Finally, this is not to be confused 
with the optical artefact known as the background effect in section 4.2.2, where small 
amounts of background radiation enters the lens and is reflected back to the specimen, but 
rather the effect of background radiation that is directly focused onto the specimen surface. 
 
(vi)  Camera and background temperature 
While thermoelastic measurements are typically very quick individually, it would not be 
unusual to see a small increase in background temperature between each test. Experience has 
shown that for tests taken a few minutes apart, an increase in background temperature of 
0.01 K would not be unusual depending on atmospheric conditions. For multiple loading 
conditions or a large number of specimens, the difference in background temperature from 
the first to last test could be as large as 0.5 or 1 K. From Equation (3.1) it can be seen that the 
thermoelastic equation is dominated by the value of ∆T, and a small variation in absolute 
temperature, T, between tests has a very small effect on the calculated stresses. For example, 
for a given ∆T in a stainless steel specimen, a 1 K change in T would modify the calculated 
change in principal stresses by 0.3%. Or similarly, for a known applied stress, a 1 K change 
in T, would result in a 0.4 mK change in ∆T. However, for tests conducted during different 
periods of the day, i.e. morning and afternoon, or on different days, the difference in 
background temperature could typically be as much at 5 K and such an effect may become 
significant when investigating small variations in the response.  
 
A further consideration is that of the camera temperature; the detector is internally cooled 
using a stirling cooling system to operate at 77 K, and as a result the camera housing 
temperature typically increases slightly with time. The housing temperature is automatically 
recorded using an onboard sensor and generally ranges between approximately 310 and 320 
K. Whilst any change in the detector response should not be significant, it is known that this 
may have an influence on the measurements. The amount of charge accumulated will vary 
depending on the temperature of the CCD and it is often recommended that a new NUC is 
performed if the detector has been used for a particularly long period. Typically, the detector 
is turned on and allowed to ‘warm up’, or more precisely cool down, for at least 30 minutes 
to allow it to reach a stable operating temperature. Nevertheless, it is difficult to separate any 
effects of changing background temperature, with the effects of changing camera 
temperature, and therefore have been considered in parallel.  
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6.4 Parametric study - results 
The purpose of the parametric study is to explore the limitations of the detector and ascertain 
the influence of various parameters to define optimum experimental settings for future 
testing. Table 6.1 shows the parameters and variables that were investigated. Each parameter 
were monitored under each individual condition so as to isolate any effects; the test plan is 
given in Appendix E. 
 
Table 6.1  Detector parameters and variables. 
Parameter  Variable 1  Variable 2  Variable 3 
Non-uniformity correction (NUC)  NUC #1 (20*)  NUC #2 (20*)  NUC #3 (40*) 
Integration time  1300 µs  1800 µs  800 µs 
Frame rate  131 Hz  257 Hz  383 Hz 
Number of images  400  800  1050 
Background radiation  Normal  Uniform  - 
Camera and background temperature**  ≈ 22 ºC  ≈ 23.5 ºC  ≈ 25 ºC 
*Number of images taken to perform NUC, **Temperatures quoted are that of the background 
 
Experiments were conducted on the same stainless steel (316L) dog-bone type specimen 
with a nominal cross-sectional area of 2 mm x 18 mm cyclically loaded in uniaxial tension. 
The specimen was not removed between tests and the camera location remained unchanged 
such that the alignment and position of the specimen was consistent throughout. The 
specimen surface was coated with matt black paint in accordance with the findings and 
procedures outlined in Chapter 5. Each test was conducted under the same loading 
conditions: a loading amplitude of 4.5 kN, about a mean load of 5 kN, at a cyclic loading 
frequency of 10 Hz. There was no noticeable rigid body motion and any effects associated 
with optical artefacts are considered negligible. The thermoelastic response was recorded 
from the surface of the specimen, and the variations in ∆T and ∆T/T were examined from a 
rectangular area of 40 x 30 pixels in the centre of the specimen (10.3 mm by 7.7 mm). The 
following section outlines the results of the study: 
 
(i)  Non-uniformity correction 
A new NUC correction is generally performed prior to any testing, or whenever there is a 
change in detector settings, and therefore any variation in thermoelastic response or 
systematic error that results from the NUC procedure may be present in all thermoelastic 
results. The following experiment was conducted to ascertain the effect of the NUC on the 
temperature response. Firstly, the blackbody was placed in front of the detector and a non-
uniformity correction was performed (NUC #1) using the average response over 20 images. 99 
 
 
The specimen was then cyclically loaded and thermoelastic data was recorded. A second 
NUC (#2) was immediately performed, and a second data set recorded. Finally, a third NUC 
(#3) using the average response over 40 images was conducted, and a third data set obtained. 
Given that the detector, loading, and environmental conditions are the same, a comparison of 
the response from the three data sets will reveal the magnitude of the errors that may be 
introduced into a measurement due to the NUC being performed.  
 
The exact position of the blackbody would have been different between each NUC, and 
therefore the correction factor applied to each element may be slightly different. However, it 
would be expected that the measured thermoelastic response would be identical given that all 
other variables remained constant. Figure 6.1 shows the values of ∆T obtained after each 
NUC, for a range of frame rates and integration times. For each individual detector setup, the 
typical  variation  in  ∆T  between the three different NUCs is between 1 to 2 mK. In 
comparison, the overall spread of data across the range of detector settings is 10 mK, 
suggesting that changing the other detector parameters has a greater effect on the measured 
response. In addition, it can be concluded that calculating the NUC based on 20 images is 
sufficient, and that the NUC procedure does not cause large variations in the measured 
response. 
 
(ii) Integration time 
Three different integration times were examined: the default manufacturer setting for room 
temperature testing (1300 µs), a longer integration time calculated to be just below the 
saturation point of the detector for the expected maximum temperature (1800 µs), and a 
shorter integration time to observe any difference in the measured temperature change due to 
a perceived reduced temperature resolution (800 µs). The variation of ∆T across the three 
integration times (for a given frame rate) ranged from between 2 mK and 8 mK as shown in 
Figure 6.2. The largest ∆T is recorded at 800 µs, which could suggest that the temperature 
resolution at this integration time is causing an overestimation of the temperature change. 
The measured ∆T values for integration times of 1300 µs and 1800 µs are similar. The 
variation in ∆T for different integrations times shows that a single integration time should be 
used throughout all future work if comparison is to be made between data sets.  
 
(iii) Frame rate 
Three different frame rates were examined to assess any errors or variations in the measured 
response due to the rate of data capture; these were: 383 Hz, 257 Hz, and 131 Hz. The 
difference in ∆T obtained at different frame rates ranged from 1 mK to 4 mK as shown in 
Figure 6.3. This is slightly larger than the variations seen due to the NUC, which was 100 
 
 
performed between changes in frame rate, but smaller than the changes caused by varying 
the integration time. No obvious trend is visible with regards to which frame rate yields the 
best results, but it can be concluded that the same frame rate should always be used in future 
testing to eliminate any possible issues. Intuitively, the more images taken per loading cycle, 
and the more loading cycles recorded, the more likely it is to record data at the maximum 
and minimum stress change, and thus the temperature change, ∆T, will be more accurate; 
using the maximum frame rate of 383 Hz is therefore recommended. 
 
(iv) Number of images 
The number of images recorded was varied from 1050 (maximum memory size), to 800 and 
400, enabling the effect of recording and thus processing over a different number of images 
to be investigated. For a cyclic loading frequency of 10 Hz, the number of complete cycles 
over which data was recorded ranged from approximately 10 cycles (400 images at 383 Hz) 
to 80 cycles (1050 images at 131 Hz). For each set of integration times and frame rates, a 
NUC was performed, followed by the recording of thermoelastic data; firstly over 1050 
images, then a further 800 images, and finally 400 images. These images were then 
processed to obtain ∆T and the results are shown in Figure 6.4.  
 
The difference in the measured ∆T data due to the number of frames over which the data is 
processed was typically 0 to 1 mK, suggesting that the number of images taken does not 
have a significant effect on the results. Furthermore, given that the only change between 
these tests was the number of images recorded, i.e. data was taken at the same frame rate, 
with the same integration time and no NUC was perform between recordings, this gives a 
good indication of the systematic noise that is present within the system. However, as before, 
the overall spread of data, which included different integration times and frame rates was 
approximately 10 mK. Since the work presented in the thesis is focused on measuring small 
changes in ∆T there is a clear requirement for consistent detector settings throughout all 
experimental work. 
 
(v) Background effects 
Thermoelastic data was collected under two conditions; firstly with the specimen in a normal 
test configuration, and secondly, with the specimen, camera and test machine surrounded by 
large black cloths, providing a uniform background temperature. Comparison of ∆T provides 
an estimate of the possible error in the thermoelastic signal due to external influences and is 
shown in Figure 6.5. When the specimen was not surrounded by the black cloth (i.e. a non-
uniform background), the measured ∆T was 20 to 25 mK larger. Furthermore, the overall 
spread of data across the detector settings was approximately 15 mK without the uniform 101 
 
 
background, compared with 10 mK with the uniform background. Since the level of 
background radiation in a standard laboratory is likely to change, it is recommended that all 
future tests be performed with the specimen and detector surrounded by black cloths, or 
equivalent shielding to provide a uniform level of background radiation. 
 
(vi) Camera and background temperature 
The test sequence was repeated three times, with data recorded in the morning (1), midday 
(2) and afternoon (3), from which the influence of camera and background temperature can 
be assessed. The background temperature was seen to increase throughout the day from 
approximately 22 ºC, to 23.5 ºC and 25 ºC respectively. Meanwhile, the temperature within 
the camera housing was recorded and increased from 36.5 ºC to 39 ºC over the same period. 
The values of ∆T recorded at 1300 µs were seen to increase by approximately 8 mK (2.5%) 
from the first to the last session, This may be a function of camera and/or background 
temperature, however a new NUC was performed at each change of frame rate or integration 
time, which should account for any changes in the response of the detector elements and thus 
negate the effect of camera temperature. Values of ∆T/T are shown in Figure 6.6 and show a 
significant decrease of approximately 8% over the course of the testing. This suggests that 
variations in background temperature should be carefully considered when comparing data 
sets as it may have a larger effect that previously thought. 
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Figure 6.1  Variation of ∆T with non-uniformity correction (NUC) for a range of integration  
times and frame rate settings. 
 
 
Figure 6.2  Effect of integration time on ∆T for a range of frame rates, recorded over a different  
number of images. 
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Figure 6.3  Effect of frame rate on ∆T for different integration times. 
 
 
 
Figure 6.4  Variation of ∆T processed over a different number of images for a set 
 integration time and frame rate. 
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Figure 6.5  Effect of background effects on ∆T (with or without black cloths providing a  
uniform level of background radiation). 
 
 
Figure 6.6  Effect of background and camera temperature on the thermoelastic response ∆T/T. 
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6.5 Parametric study – summary and conclusions 
Table 6.2 shows the variation of ∆T and ∆T/T due to a change in each detector property and 
indicates that background effects and background temperature have the most significant 
influence on the results. The investigation into background effects confirms the importance 
of achieving a uniform level of background radiation around the specimen. This is relevant 
to all TSA investigations when a comparison of different data sets is sought and especially 
important in this work where the measurement of small variations of ∆T is required. 
 
Table 6.2  Typical variation of thermoelastic response due to a change in detector properties. 
Parameter  ∆T [mK]  %  ∆T/T  % 
Non-uniformity correction (NUC)  0 – 2  0 – 0.6  0 – 0.00018  0 – 1 
Frame rate [Hz]  1 – 3  0.3 – 0.8  0.0001 – 0.0002  0 – 1.5 
Number of images  0 – 1.5  0 – 0.5  0 – 0.0001  0 – 0.5 
Integration Time [μs]  2 – 8  0.6 – 3  0.0003 – 0.0005  1 – 3 
Background effects  8 – 24  3 – 8  0.001  3 – 8 
Background and camera temperature [°C]  4 – 8  1 – 3  0.001  8 
 
If the variation of background or camera temperature is large (i.e. 5°C) a difference in the 
measured ∆T values of several mK could be seen. It can therefore be concluded that direct 
comparison of data recorded on different days should not be conducted if analysis of small 
variations in ∆T is required. In investigations where high accuracy is not the most important 
aspect,  it  may  be  possible  to  neglect  small  changes  in  ∆T  due to changing background 
temperature or to account for it using a temperature correction procedure [90]. 
 
Variation of the other detector properties yielded much smaller changes in ∆T. The number 
of images recorded was shown not to be important in terms of the temperature measurement, 
and only affects the number of loading cycles and amount of data that is recorded. In order to 
maximise the number of loading cycles that are recorded, and thus allow for averaging over 
a larger time period, the maximum number of images will be recorded in future work. 
Furthermore, since the integration time and frame rate were not changed between tests, and 
thus no new NUC was performed, the data recorded for a different number of images yields 
a good indication of the system noise and the repeatability of the measurements, although the 
specimen was not removed during the tests. 
 
The effect of the non-uniformity correction warrants further consideration because it is a 
procedure that must be carried out each time the detector is used, and therefore any error 106 
 
 
caused by the NUC will be present in all thermoelastic data. However, the variation due to 
different NUCs was small, and similar in magnitude to the variations due to the number of 
images. In addition, a single NUC would be performed prior to testing and any error in the 
temperature measurement caused by the NUC would be consistent in all data recorded under 
those system settings. Since it has already been established that comparisons of data sets 
taken on different days should not be conducted if small variations are of interest, it can be 
concluded that the NUC is not a source of significant error in this work, and can be 
disregarded. 
 
Similarly, changing the frame rate was seen to have a comparatively small effect on the 
measured response. There was no trend suggesting which frame rate yielded the most 
accurate results, and furthermore it is difficult to decouple any changes from those caused by 
the NUC that was performed to allow for the change in frame rate. It is equally difficult to 
allow for the small increment in absolute temperature between tests which could also 
contribute to an additional increase in ∆T. In future, all tests will be conducted using the 
same frame rate, and thus any variation in temperature measurement due to changing frame 
rate can be disregarded. Finally, since no single frame rate yielded more favourable results, 
the maximum allowable frame rate will be used such that more data is captured over each 
complete loading cycle in an attempt to obtain a more accurate evaluation of the temperature 
change. 
 
The variation in ∆T for different integration times shows that a single integration time should 
be used throughout all future work if comparison is to be made between data sets. Given that 
the recommended default manufacturer value is 1300 µs and that certified calibration curves 
for the detector are stored locally on the camera for this setting, further use of this integration 
time is suggested. 
 
The following conclusions and recommendations have been made with regards to the 
experimental and detector setup that is to be used for the remainder of this work.  
 
•  Any change in the response that can be caused by variation of detector properties is 
not relevant to the main work since all tests will be completed using the same 
settings.  
 
•  The following settings have been outlined for the remainder of the experimental 
work: an integration time of 1300 μs will be used, all data will be recorded at a 
frame rate of 383 Hz and TSA data will be processed over 1050 images. 107 
 
 
 
•  The sensitivity of the detector under these conditions is approximately 3.1 mK/DL, 
and the level of systematic noise within the system is considered to be approximately 
2 mK 
 
•  If high accuracy is required, comparisons should not be made between data sets 
recorded under different experimental conditions, and it is important to monitor the 
background temperature to ensure large variations are not present.  
 
•  A uniform level of background radiation around the specimen must be maintained. 
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Chapter 7 
 
Plastic Deformation and the Thermoelastic 
Constant 
 
7.1 Introduction 
In this chapter, an approach for assessing plastic strain from a measured change in 
thermoelastic constant in explored. In steel and aluminium, it has been demonstrated that the 
application of plastic strain may  cause a change in the coefficient of linear thermal 
expansion, α [91, 92]. Equation (3.2) shows that the thermoelastic constant is dependent on 
α,  and thus it  has been  suggested that the level of plastic strain that a component has 
experienced may be estimated based on the change in thermoelastic constant [20]. Previous 
work [20] investigated steel specimens with increasing amounts of tensile plastic strain and it 
was found that the introduction of plastic deformation caused a measurable change in the 
thermoelastic constant, K. The change in K was positive for tensile strain and appeared to be 
linear, however only specimens with an estimated 5%, 6% and 8% strain were examined, 
which was insufficient to understand the relationship fully. Nevertheless, the change was 
repeatable and the potential to investigate changes in the thermoelastic response due to 
deformation and consequently residual stress, was suggested. If the change in K could be 
defined over a much larger range of strain for a given material, it may be possible to use a 
measured change in K to estimate an unknown amount of plastic strain experienced by a 
specimen or component. If successful, it may then be possible to develop a procedure that 
could relate the plastic strain experienced by a component to the final residual stress state. 
 
The work of Rosenfield et al [92] suggested that the change in α for compressive strain was 
negative and larger than for tensile strain. A  preliminary investigation is presented that 
shows the effect of plastic deformation on K is measurable in stainless steel and aluminium, 
verifying the methodology previously adopted. This work is extended to include an 
investigation of large compressive and tensile plastic strain on stainless steel, providing the 
change in K over a large range of strain. The effects of compressive strain in TSA have not 110 
 
 
previously been investigated and form a novel aspect of this work. In addition, it has been 
postulated that a materials ability to strain harden influences the change in α, and thus the 
change in thermoelastic constant. This is investigated further, as are the effects of material 
directionality.  
 
7.2 Research objectives 
The purpose of this research is to assess the feasibility of using the change in thermoelastic 
constant due to plastic deformation as a means of establishing the plastic strain experienced 
by a component. Previous work has highlighted the potential of this approach but there are 
aspects that require further examination. To enable the findings of the previous work to be 
validated and the feasibility of the approach to be examined, the following objectives were 
defined: 
  
•  Verify the experimental approach adopted in previous work using tensile specimens 
with different levels of plastic strain. 
 
o  Investigate the effect of plastic deformation on the thermoelastic constant in 
aluminium and stainless steel for controlled amounts of tensile plastic strain. 
 
o  Consider the effect of a materials ability to strain harden, and the effect of 
material directionality on the change in thermoelastic constant. 
 
•  Define the change in K  over a large range of strain, extending the approach to 
include both compressive and tensile plastic strain. 
 
o  Identify an appropriate material to highlight the feasibility of the approach 
within the context of the advantages and limitations outlined in Section 4.4. 
 
o  Design and test a geometrically similar specimen that can undergo 
significant compressive and tensile plastic deformation. 
 
o  Obtain thermoelastic data and establish the change in thermoelastic constant 
over a large change in plastic strain. 
 
•  Assess the feasibility of using the change in thermoelastic constant due to plastic 
strain as a basis for an approach to residual stress assessment using TSA. 111 
 
 
7.3 Establishing the effect of plastic deformation on the thermoelastic constant 
The aim of the work in this chapter is to define the change in thermoelastic constant over a 
large plastic strain range encompassing both compressive and tensile plastic strain. Since the 
change in thermoelastic constant is dependent on α, which is thought to vary differently for 
compressive and tensile strain,  it is important to establish the change in thermoelastic 
constant on geometrically similar specimens such that the possibility of test geometry 
influencing the results is eliminated. This leads to complicated design considerations, which 
are discussed in Section 7.4. 
 
Initially, an investigation examining tensile dogbone specimens containing small amounts of 
tensile strain was conducted; the purpose being to assess the applicability of materials, and 
verify the proposed methodology. The changes in K for different levels of plastic strain are 
identified for stainless steel 316L, AA2024-T351 and AA7085-T7651, and are termed, KP, 
where P signifies the plastic strain experienced. Stainless steel was used due to its high strain 
hardening ability (in a certain condition), as it was concluded previously that the change in 
thermoelastic constant may be related to the material dislocation that occurs during strain 
hardening [20]. It was suggested that the change in K for a material that does not strain 
harden would be significantly less than for a material that does.  Further motivation for 
choosing 316L stainless steel is outlined in Section 7.4.2. In addition, two grades of 
aerospace aluminium alloy were examined and are further investigated in Chapter 8 when 
examining changes  in the thermoelastic response due to residual stress in a realistic 
component.  
 
Plastic strain is applied to the tensile specimens by quasi-statically loading into the plastic 
region and then unloading, followed by cyclic loading for TSA to obtain KP. If this type of 
specimen is loaded beyond the material’s yield point and then unloaded, it will result in a 
residual strain; however, there will be no residual stress as the stress can be fully relaxed by 
the elastic unloading. Without the contribution of a residual stress that would result in an 
increase in σm when loaded, any change in the thermoelastic response would be due to a 
change in one of the material properties, α, ρ or Cp. This essentially allows the mean stress 
effect to be eliminated from the investigation. The thermoelastic constant for each level of 
plastic strain can then be directly calculated using Equation (3.2) and the methodology 
outlined in Section 4.7.  
 
7.3.1 Validation of approach 
Stainless steel tensile specimens were manufactured using a wire erosion technique to 
prevent significant residual stresses being introduced during manufacture. Each specimen 112 
 
 
had a nominal cross-sectional area of 2 mm x 18 mm. An Instron 5569 electro-mechanical 
test machine was used to impart different levels of plastic strain ranging from 2% to 10% 
plastic strain  in increments of 2%.  An additional specimen was left unstrained (i.e.  0% 
plastic strain) as a reference specimen. Aluminium specimens were also prepared that had a 
cross-sectional area of approximately 5 mm x 15 mm to be representative of the 10 mm thick 
plate investigated in Chapter 8. The aluminium material had been cold rolled during its 
manufacture, and therefore the possibility of some material directionality was apparent; 
subsequently, specimens aligned at 0º, 45º and 90º to the rolling direction were examined. 
Each specimen was statically strained to either 2% or 4% plastic strain; one specimen was 
left unstrained to provide a reference value for K. The plastic strain levels were achieved in 
three loading steps  using the tensile test profiler function of the incorporated Bluehill 
software: 
 
(i)  0.5 mm min
-1 extension until yield,  
(ii) 0.5 mm min
-1 until an additional 2% (or 4%, etc) strain,  
(iii) -0.5 mm min
-1 until initial load (pre-load when gripping specimen). 
 
Linear strain gauges (CEA-06-240-UZ-120  –  Stainless Steel, or CEA-13-250-UW-350  – 
Aluminium) were applied to one side of the specimen, and an Imetrum video-extensometer 
was used on the opposite side to measure the strain during the plastic deformation procedure. 
A StrainSmart 6200 system was used to record strain data from the gauges. It is important 
that plastic deformation is applied to the specimen, and then elastically unloaded to ensure 
that residual stress is not introduced due to constrained unloading. Figure 7.1 shows the 
stress strain curve for this loading procedure for a desired plastic strain of 4% in a 316L 
tensile specimen, and analysis showed that elastic unloading is achieved given the prescribed 
loading scenario. 
 
After deformation, strain gauges were removed and a thin layer of RS matt black paint was 
applied to the surface of each specimen in accordance with the guidelines documented in 
Chapter 5. The experimental approach outlined in Chapter 4 was adopted. An Instron 8802 
servo-hydraulic test machine was used to cyclically load specimens for TSA. The stainless 
steel specimens were cyclically loaded at a mean load of 3 kN (83 MPa), with a load 
amplitude of 2 kN (55 MPa). The aluminium specimens were cyclically loaded at a mean 
load of 8 kN (107 MPa), with a load amplitude of 4 kN (54 MPa). Tests were conducted at 5 
Hz, 7.5 Hz and 10 Hz as an additional means of assessing the suitability of the paint coating. 
T and ∆T data was recorded from the surface of the specimen and a rectangular area in the 
centre of each specimen was examined. 113 
 
 
 
Figure 7.1  Stress-strain curve showing elastic unloading of a 316L tensile specimen with 4% strain. 
 
7.3.2 results 
Tensile tests to failure revealed that stainless steel 316L strain hardened by approximately 
150%, AA2024 by 32%  and AA7085 by approximately 8% (where  the ability to strain 
harden is defined by the percentage increase of the ultimate tensile strength in comparison to 
the yield strength), thus confirming the different strain hardening characteristics of the three 
materials used. Full results of the tensile tests can be found later; 316L stainless steel in 
Table 7.2 and Figure 7.5, AA2024 in Table 8.3 and Figure 8.5, and AA7085 in Table 8.4 and 
Figure 8.6. The thermoelastic constant for each specimen was calculated from the applied 
stress and measured temperature data; this thermoelastic data was averaged over the area in 
the centre of each specimen from which the strain data was recorded. The baseline 
thermoelastic constant (i.e. 0% strain) for 316L stainless steel, and AA2024-T351 and 
AA7085-T7651 specimens aligned at 0º, 45º and 90º to the rolling direction is shown in 
Table 7.1. 
 
Table 7.1  Thermoelastic constant for each material and alignment direction (0%). 
Material  Alignment  K0 [10
-12 Pa
-1] 
316L  0º  4.63 ± 0.04  
AA2024-T351 
0º  9.73 ± 0.05 
45º  9.88 ± 0.06 
90º  9.96 ± 0.05 
AA7085-T7651 
0º  9.38 ± 0.07 
45º  9.65 ± 0.06 
90º  10.09 ± 0.05 
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Figure 7.2 shows the normalised thermoelastic constant KP/K0 for different levels of plastic 
strain for stainless steel 316L, AA2024 and AA7085 specimens, where K0  is the 
thermoelastic constant obtained from the reference specimen (0%) and KP  is the 
thermoelastic constant for each corresponding level of plastic strain.  Data shown is for 
aluminium specimens aligned at 0º to the rolling direction, and  data is plotted for each 
loading frequency. While the temperature changes associated with this effect are very small 
(approximately 5 – 15 mK for the data shown in Figure 7.2), it can be seen that KP/K0 
increases with increasing levels of plastic strain for each material. For the 316L specimen 
that had experienced 10% plastic strain, a reduction of KP/K0 was measured with respect to 
the 8% specimen; however, there remained an increase in KP/K0  from the reference 
specimen. There was no clear effect of strain hardening on the change in KP/K0 for the 316L 
specimens and the aluminium specimens aligned with the 0° direction (Figure 7.2). This is in 
contrast to previous work using aluminium; however, in [5] the material directionality was 
not considered.  
 
 
 
Figure 7.2  Variation of normalised thermoelastic constant KP/K0 for different levels 
of plastic strain in stainless steel 316L, AA2024 (0°) and AA7085 (0°). 
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Figures 7.3 and 7.4 show the variation of KP/K0 for AA2024 and AA7085 specimens aligned 
at 0°, 90° and 45° to the rolling direction and loaded at 10 Hz. It can be seen that the change 
in KP/K0 is different for each alignment direction, and that the effect of plastic strain is 
greatest for the 45° specimen; the smallest change was measured for the 0° direction. It was 
seen that for the 90° and 45° specimens, the change in KP/K0 is larger for the AA2024 
material, which does exhibit more strain hardening. From this work, it is now apparent that 
due to the differences in KP/K0  for different alignment directions,  some  knowledge of 
material directionality would be required to enable an evaluation of plastic strain based on a 
change in thermoelastic constant from a reference specimen. 
 
Error bars have not been included on Figure 7.2 for ease of presentation. Error bars have 
been included in Figures 7.3, 7.4 and 7.14 which show data from the same tests (recorded at 
10 Hz) for AA2024, AA7085 and stainless steel respectively. The error bars were calculated 
by combining the standard deviation of the ∆T and T values within the area of interest, 
followed by a calculation of the maximum and minimum values of KP, which were then 
normalised by the corresponding value of K0. 
 
 
Figure 7.3  Variation of KP/K0 for different specimen orientations for AA2024 at 10 Hz. 
 
0.98
0.99
1.00
1.01
1.02
1.03
1.04
1.05
1.06
1.07
1.08
0 0.5 1 1.5 2 2.5 3 3.5 4
K
P
 
/
 
K
0
 
Strain, % 
AA2024 - 0º - 10 Hz
AA2024 - 90º - 10 Hz
AA2024 - 45º - 10 Hz116 
 
 
 
Figure 7.4  Variation of KP/K0 for different specimen orientations for AA7085 at 10 Hz. 
 
Since it is assumed that the density and specific heat remain constant, it can be inferred that 
the change in thermoelastic constant due to plastic strain is a result of a change in α. It was 
speculated that small differences in the microstructure between the strained and unstrained 
specimens may provide an insight into the physical processes causing the change in KP/K0 
and how material directionality influences this change. The largest change in KP/K0 was 
measured between the AA2024 specimens aligned at 45º to the rolling direction, and the 
smallest change was noted in the AA2024 specimens aligned at 0º. These specimens were 
identified as the most likely to reveal any noteworthy differences, and therefore the most 
appropriate for microstructural investigation. 
 
A central section measuring approximately 15 mm x  15 mm of the strained (4%) and 
unstrained (0%) AA2024 specimens aligned at 0º and 45º were removed and mounted in 
Bakelite resin. This section corresponded to the location of the strain gauge used during the 
deformation procedure. The samples were polished, followed by etching in Keller’s solution 
(95 ml water (H2O), 2.5 ml nitric acid (HNO3), 1.5 ml hydrochloric acid (HCl), 1 ml 
hydrofluoric acid (HF)) for approximately 10 seconds. The microstructure of each specimen 
can be seen in Figures 7.5a to 7.5d. 
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(a) 
 
(b) 
 
(c) 
 
 
(d) 
 
Figure 7.5  Microstructure of AA2024-T351 specimens with different amounts of plastic strain. 
(a)  Specimen aligned at 0º with 0% strain, (b) Specimen aligned at 0º with 4% strain, 
(c) Specimen aligned at 45º with 0% strain, and (d) Specimen aligned at 45º with 4% strain. 
 
It can be seen that there is significant elongation of the grains in the 0º direction in both the 
strained an unstrained specimens; this material had been cold rolled and stress relieved by 
stretching during its fabrication. It is not possible to identify any modification of the grain 
structure from comparison of the micrographs, and thus difficult to link the application of 
strain and the change in KP/K0 to any change in microstructure. In the specimens cut at 45º, 
the same elongation of grains in the 0º direction is shown. Comparison of the strained and 
unstrained specimens did not reveal any elongation or reorientation of grains in the loading 
direction.  Unfortunately, the investigation did not produce any further insight into the 
mechanisms driving the change in thermoelastic constant. 
 
The magnitude of the variations in thermoelastic response relating to the change in KP is very 
small. Despite the possible difficulties posed by material directionality, the results 
demonstrate the feasibility of using this kind of approach for estimating plastic strain. The 
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next step is to apply greater  amounts of compressive and tensile plastic deformation, 
defining the thermoelastic constant, KP, for a much larger range of plastic strain.  
 
7.4 Test design 
In order to assess differences between compressive and tensile strain, several identical 
specimens were manufactured and a different amount of compressive or tensile strain was 
introduced. It was important that the specimens were of the same material and that plastic 
strain was applied in a controlled manner, i.e. without buckling during compression. There 
was also a requirement that the different levels of plastic strain were introduced in identical 
specimens to eliminate the possibility of geometrical effects influencing results. 
Thermoelastic stress analysis could  then  be  used to assess the change in thermoelastic 
constant, KP, for each level of strain. To provide a large range of strain, 5%, 10% and 15% 
compressive and tensile plastic deformation were defined.  Due to the size of the area 
required for TSA, and that uniform plastic strain was desired in that area, the specimen 
dimensions were likely to be large and require a specific loading  jig to apply the 
deformation. In addition, since geometrically similar specimens were proposed, any loading 
jig must be capable of performing all three key tasks: compressive deformation, tensile 
deformation, and tension-tension cyclic loading for TSA, and therefore required the design 
and manufacture of a bespoke loading jig. The following considerations and  design 
requirements were outlined with regards to the test design: 
 
•  Using a suitable material, geometrically identical specimens must be plastically 
deformed in both tension and compression.  
 
•  The measurement area must contain a region of uniform plastic strain  with a 
minimum size of 15 mm x 15 mm for TSA data to be recorded. 
 
•  The desired levels of plastic strain are 15%, 10%, 5%, 0%, -5%, -10% and -15%. 
There should not be any significant deformation of the loading jig during these tests. 
 
•  The loads required to achieve deformation must be within the load capacity of the 
available test machines. 
 
•  The loading jig must be able to perform three tasks: statically load the specimens in 
tension and compression to achieve plastic strain, and cyclically load the specimen 
in tension for TSA. 119 
 
 
7.4.1 Specimen and test design 
The experimental procedure for deformation and cyclic loading in itself is straightforward, 
the major difficulty lay within the design of a test specimen that is capable of undergoing 
both compressive and tensile plastic deformation. This process includes the design of the 
specimen itself, along with a loading mechanism capable of deforming the specimen and 
cyclically loading the specimen for TSA. The specimen and loading jig must also be 
manufactured from a  suitable material,  and  geometrically  compatible with available test 
machines. For clarity, these components will henceforth be referred to as the following: (a) 
the specimen, and (b) the loading jig. The design of both the specimen and loading jig was 
completed with consideration of the relevant ASTM standards for tensile and compressive 
testing [99, 100]. A brief discussion of the specimen and loading jig design is included for 
completeness. 
 
A ‘3D dogbone’ specimen design was proposed (Figures 7.6 and 7.7) such that a large and 
uniform region of plastic strain can be achieved in the test area. Three-dimensional 
symmetry and a large cross-sectional area allow large compressive plastic deformation to be 
achieved while preventing the specimen from buckling. ANSYS 10.0 was used to verify the 
suitability of the specimen design, and optimise the specimen geometry with regards to the 
capability of the testing machines and other design requirements. The Solidworks 2008 
modelling package was used to design various loading jigs, and COSMOSworks 2008 was 
used to analyse the structural deformation that would occur under the different loading 
scenarios. This also enabled any stress concentrations (in the specimen) due to the loading 
jig to be considered in the design process in an iterative manner and to ensure minimum 
deformation of the jig during loading.  
 
Figures 7.8 and 7.9 show the basic loading jig design. During compression, loads are applied 
to the specimen through a combination of the test machine and a series of rollers housed 
within the loading jig, ensuring that the force is applied perpendicularly to the specimen, and 
directly through the centre (as shown in Figure 7.9). This will help to prevent non-uniform 
stress distributions or buckling in the highly stressed areas. There is sufficient clearance 
between the specimen and diagonal faces of the loading jig, such that the portion of the jig 
that provides tensile deformation is not active during compression.  For the purposes of 
tensile deformation, the diagonal faces of the loading jig will engage on the diagonals of the 
specimen; a gap will now be present between the top of the specimen and the rollers, 
preventing the compression section of the jig affecting the tensile deformation procedure. 
The presence of the rollers is not necessary during tensile plastic deformation, but can be 
used to aid alignment during the set-up phase. Finally, the tensile portion of the loading jig 120 
 
 
enables the necessary loading scenarios required for thermoelastic measurements to be 
performed, i.e. tension-tension cyclic loading. Design drawings of the specimen and loading 
jig components can be found in Appendix F. 
 
 
 
 
 
Figure 7.6  Schematic illustrating the 
geometry of the test specimen. 
Figure 7.7  Model of the specimen, 
including grooves for rollers. 
 
   
Figure 7.8  Outline of loading jig that allows 
Compressive, tensile and cyclic loading. 
Figure 7.9  Test setup for 
plastic deformation and TSA. 
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7.4.2 Material selection 
As detailed in Section 4.4, a materials ability to strain harden may have an effect of the 
change in thermoelastic constant. It was originally found that the change in K  was 
significantly lower for a material that did not strain harden, however this was not explicitly 
verified in the preliminary investigation reported in Section 7.3. Nevertheless, the following 
considerations were made with regards to material choice for the ‘3D dogbone’ specimens: 
 
•  Good strain hardening characteristics. 
 
•  Low yield strength; needed to enable large amounts of strain while minimising the 
load required and keeping within the capabilities of the available test machine. 
 
•  Comparatively high ultimate tensile strength; to fulfil the strain hardening 
requirement. 
 
•  Ferrous metal, since the mean stress based approaches to residual stress using TSA 
are typically not applicable to ferrous metals due to small temperature dependent 
elastic properties.  
 
Several low carbon steels fulfilled the above criteria, and a type of steel was chosen based on 
meeting the four criteria, and it being machinable and readily obtainable. Austenitic 316L 
stainless steel was chosen for the manufacture of the test specimens. 
 
Material testing  was  performed to characterise this material.  Several tensile dogbone 
specimens were manufactured from 316L stainless steel sheet in the as received condition 
and were tested to failure using an Instron 5569 servo-mechanical test machine. It should be 
noted that this is the same material that was used in the preliminary work discussed in 
Section 7.3 that was used to validate the approach. An extensometer was used to measure 
strain during each test, but was removed prior to failure. Figure 7.10 shows the stress-strain 
curve for 316L in the as received annealed condition. It can be seen that yield occurred at 
approximately 250 MPa (10 kN). The extensometer was removed after a load of 15 kN was 
reached, and therefore strain data is only recorded to this point (approximately 5.2% strain). 
Table 7.2 lists the mechanical properties for each specimen tested. From the data in Table 
7.2 it can be seen that this stainless steel exhibits significant strain hardening; the yield 
strength of the material is approximately  250 MPa, with a UTS of 627 MPa and it is 122 
 
 
confirmed that the material satisfies the original criteria. The % strain hardening has been 
defined as: (ultimate tensile strength / yield strength) – 1.  
 
 
Figure 7.10  Stress-strain curve for 316L stainless steel. 
 
Table 7.2  Properties obtained from material testing for stainless steel 316L. 
Specimen 
Yield 
Strength 
(MPa) 
Ultimate Tensile 
Strength 
(MPa) 
% Elongation 
% Strain 
Hardening 
1  250  631  50.5  152 
2  251  630  50.7  151 
3  250  624  48.9  150 
4  251  624  49.2  149 
5  247  628  49.3  154 
Average  250  627  49.7  151 
 
It should be noted that the material supplied from which the ‘3D dogbone’ specimens are 
manufactured is 316L strainless steel bar, in the as received condition and was stress relieved 
by the manufacturer. In addition, these specimens were manufactured using a wire erosion 
technique, and therefore the residual stresses introduced during this procedure are minimal. 
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Due to the high applied loads, and criticality of the loading jig, it was necessary for the 
loading jig and rollers to be made of a significantly stronger material, i.e. a yield strength and 
ultimate tensile strength (UTS) in excess of 1000 MPa, such that there  is  no plastic 
deformation of the jig during the straining of the specimens. This was important as the jig is 
required to be dissembled in order to remove each specimen and a new specimen inserted for 
each test. The jig must also be used to cyclically load the specimens for TSA.  For the 
manufacture of the loading jig, an appropriate high strength steel was chosen that had a yield 
strength of 1062 MPa and a UTS of 1133 MPa.  
 
7.5 Experimental procedure 
The specimen and loading jig were designed to fit into a Schenck 630 servo-hydraulic test 
machine that has a load capacity of 630 kN and a maximum grip size of 120 mm x 40 mm x 
120 mm. Eight ‘3D dogbone’ specimens with cross sectional areas of 18 mm x 18 mm were 
manufactured from 316L stainless steel; five specimens were plastically deformed while one 
remained undeformed to act as a reference specimen, to be investigated using TSA. There 
was also one spare specimen, and one ‘setup’ specimen to aid the experimental set up of the 
machine and obtain initial load values for tensile and compressive yield point. The same 
loading rates that were used in the preliminary work (Section 7.3.1) were applied to the ‘3D 
dogbone’ specimens to apply each level of plastic strain. The same procedure was used for 
compressive and tensile deformation (with the sign of the loading rate reversed), and 
specimens were strained to +15%, +10%, +5%, -5% and -10%.  Figure 7.11 shows a 
schematic of the specimen and the measurements taken from each face, Figure 7.12 shows a 
schematic of the equipment used, and Figure 7.13 shows photographs of the overall 
experimental setup. 
 
During deformation the strain was monitored using strain gauges mounted on two sides of 
the specimen (A and B); the gauges used were Vishay EP-08-125RA-120  rectangular 
rosettes, and EP-08-125AD-120 linear gauges that are specifically designed for high strain 
applications. The recommended surface preparation procedures were followed and an epoxy 
adhesive (for high elongation gauges) was used to attach the strain gauges to the specimen 
surface. Additional strain gauges were mounted in areas of particular interest. These 
included the high stress area where the diagonal face meets the gauge section on the setup 
specimen and on the loading jig where high stress was expected. The StrainSmart 6200 
system was used to record the strain gauge data at a rate of 10 Hz. As a large strain needed to 
be recorded, the following system settings were used: 0.5 V excitation voltage, high range, 
and a 120 Ω  gauge resistance. The load and displacement outputs were recorded 
simultaneously from the test machine using the StrainSmart system with settings of 60 N 124 
 
 
mV
-1 and 2.5 x 10
-3 mm mV
-1 respectively. On the third side of the specimen (side C), an 
Imetrum video-extensometer was used to provide an additional measurement of strain. The 
system consisted of a SONY XCD-SX910 camera and Imetrum software that tracked the 
motion of the points on the surface to provide a real time measurement of strain; data was 
recorded from the Imetrum system at a rate of 15 Hz and the points were marked using a 
permanent pen at intervals of 5 mm.  
 
On the fourth side (side D), a thin layer of matt black paint was applied to the surface (as per 
guidelines in Chapter 5) to enable initial TSA results to be obtained. The dimensions of the 
gauge section of each specimen were measured before and after deformation. For TSA, 
specimens were cyclically loaded in tension about a mean load of 32 kN with a load 
amplitude of 16 kN. In addition to TSA data recorded at a constant load, data was also 
recorded at a constant stress of 100 MPa ± 50 MPa for each specimen, to account for the 
change in cross section after deformation. Thermoelastic data was recorded using the Cedip 
480M infra-red detector using the settings outlined in Chapter 6 at an applied loading 
frequency of 10 Hz. Following the deformation of each specimen, the strain gauges and 
video-extensometer markings were removed, and a paint coating was applied to all sides of 
the gauge section. TSA data was then recorded from each of the four sides, for each 
specimen and for constant force and constant stress loading scenarios. 
 
 
Figure 7.11  Schematic of the test specimen and the measurements recorded. 
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Figure 7.12  Schematic of the test setup used for assessing the effect of compressive and tensile 
plastic strain on the thermoelastic constant using TSA. 
 
 
 
 
Figure 7.13  Photographs of the experimental setup. 
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7.6 Results and discussion 
The following section documents results including test machine data outputs, strain data 
from the video-extensometer and strain gauges, and TSA data showing changes in 
thermoelastic response. Initial loading using the set-up specimen revealed that there was 
minimal strain in the loading jig during deformation of the 3D dogbone specimens. Cyclic 
loading showed that the design process had been successful and the specimen and loading jig 
were working as intended. 
 
7.6.1 Plastic deformation 
The deformation procedure was carried out in position control, and therefore required an 
estimation of the yield point during the running of each test to subsequently allow an 
estimation of the point at which the loading rate should be reversed. With strain 
measurements on three different sides of the gauge section, identifying the correct yield 
point and thus reverse loading point from the real time data was difficult. As a consequence 
it was not easy to ensure that the desired final strain was accurately achieved. However, 
while it was not easy to ensure an exact final strain during the test, it is fairly straightforward 
to obtain the actual final strain after  the test. The final strain measurements for each 
specimen are listed in Table 7.3. In further discussion, the specimens will be referred to by 
the desired strain value, i.e. 15%, 10%, 5%, etc, however in subsequent calculations, the true 
experimental value of strain from each specimen will be used. 
 
Table 7.3  Final strain values (%) obtained from strain gauges and Imetrum video extensometer. 
Specimen  Strain gauge 1  Strain gauge 2  Imetrum 1  Imetrum 2  Imetrum 3 
15 %  15.2 %  –  14.72 %  –  – 
10 %  9.45 %  10.18 %  –  10.02 %  – 
5 %  5.03 %  4.87 %  5.72 %  5.28 %  – 
0 %  0 %  0 %  0 %  0 %  0 % 
-5 %  -5.25 %  -6 %  -5.19 %  -4.99 %  -5.31 % 
-10 %  -7.59 %  -5.61 %  -10.65 %  -10.54 %  -10.42 % 
 
Only the strain gauge data aligned with the loading direction is included in Table 7.3 (one 
measurement from side A and one from side B). Using the video extensometer, three sets of 
strain data were recorded from the area of interest by tracking different pairs of points; for 
example, the strain measured between point 1 and point 2, point 2 and point 3, and point 1 
and point 3. It should be noted that data was also collected perpendicular to the loading 
direction using both the video extensometer and the strain gauges to ensure no bending 
occured, however this data has not been included in Table 7.3. 127 
 
 
 
Due to the relatively large elongation experienced during tensile deformation and the fact 
that the window size of the video extensometer was small, on several occasions one of the 
points being observed moved out of the field of view and could no longer be tracked. Since 
the strain measurement was calculated by tracking the displacements of two relative points, 
the loss of one data point resulted in the loss of strain data. Consequently, some final strain 
values are missing in the Imetrum columns of Table 7.3. This was not an issue during 
compression as all the tracking points remained in the field of view. 
 
Similarly, due to the very large strain, only one set of strain gauge data was available for the 
15% specimen. Although the specialist gauges were rated to work up to a maximum of 15% 
strain, and a high elongation adhesive was used, the second strain gauge debonded from the 
surface after approximately 14% strain. Up until the debond failure, both strain gauge 
readings matched closely; the stress-strain curve for the 15% specimen is shown in Figure 
7.14 and is calculated from the strain gauge data and the load output of the test machine. 
 
 
Figure 7.14  Stress-strain curve for the deformation of the 15% specimen. 
 
During visual inspection of both gauges attached to the -10% specimen partial debonding 
was found, which would account for the large discrepancy between the strain gauge and 
video extensometer strain results. All other strain gauges appeared to be fully bonded after 
deformation. Finally it should be noted that after deformation of the -5% specimen there 
appeared to be a small amount of distortion. Following plastic deformation, the cross section 
of each specimen was measured to calculate the load required to generate the same cyclic 
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stress in each specimen during TSA. Several measurements were taken along each side of 
the gauge section and the cross sectional areas are listed in Table 7.4. 
 
As expected, the cross sectional area decreases with tensile strain and increases under 
compression. Additional visual inspection of the specimens showed a uniform step increase 
in height between the specimens after deformation. Overall, the deformation procedure was 
successful, providing geometrically similar specimens that have been subjected to a large 
range of tensile and compressive plastic strain. The actual strain and desired strain did not 
match perfectly due to the difficulties posed in estimating the point of unloading, and there 
was some variation in the experimental strain data from the different measurement 
techniques. However, it is still possible to estimate the plastic strain experienced by each 
specimen with sufficient accuracy to allow the change in thermoelastic constant to be 
defined over a large range of plastic strain as intended. 
 
7.6.2 TSA 
TSA data was recorded at a constant stress as shown in Table 7.4; the applied loads were 
calculated from the cross sectional area. Specimens were cyclically loaded at 10 Hz, and 
thermoelastic data was recorded from the surface of the specimen.  
 
Table 7.4  Cross sectional area and applied cyclic load for each specimen during TSA. 
Specimen  Area (m
2)  Load (kN)  Stress (MPa) 
15 %  0.0002844  28.44 ± 14.22  100 ± 50 
10 %  0.0002950  29.50 ± 14.75  100 ± 50 
5 %  0.0003087  30.87 ± 15.435  100 ± 50 
0 %  0.000324  32.40 ± 16.20  100 ± 50 
-5 %  0.0003463  34.63 ± 17.315  100 ± 50 
-10 %  0.0003639  36.39 ± 18.195  100 ± 50 
 
Data were recorded from each of the four sides, and a rectangular area on the surface of each 
specimen was analysed which corresponded to the strain measurement area. Average values 
of ∆T and T for each specimen were obtained from these areas, and using the stresses from 
Table 7.4, values of normalised thermoelastic constant Kp/K0  were calculated using the 
experimental methodology outlined in Section 4.7. Three sets of data were recorded for each 
specimen and the results averaged; the variation in ∆T  between the three data sets was 
typically 0.5 to 1.2 mK. Figure 7.15 shows the change in normalised thermoelastic constant, 
Kp/K0, with plastic strain over a large range of strain values (3D Dogbone – Set 1). The 129 
 
 
values of Kp/K0 obtained in the preliminary work are also plotted on Figure 7.15; the data 
plotted was obtained at a loading frequency of 10 Hz and with at constant mean stress. 
 
 
Figure 7.15  Change in normalised thermoelastic constant KP/K0 with varying plastic strain (%). 
 
An increase in KP/K0 was measured in the -5% specimen that was not consistent with the 
other findings. It had been noted that a small amount of distortion was present in this 
specimen following visual inspection, and therefore this anomalous result may be attributed 
to a difference in loading conditions. An additional specimen was manufactured from the 
same billet of material and -5% strain was imposed using the previously described 
procedure, thus providing an additional measurement. Three strain gauges were used to 
measure the strain during the deformation and the final strain results were -5.2%, -5.09% and 
-4.86%. In line with the recommendations outlined in Chapter 6 that individual data should 
not be compared if obtained under different environmental conditions, all 7 specimens were 
retested to provide an additional data set which included the two -5% specimens. The same 
loading conditions were applied and the results are shown in Figure 7.15 (3D Dogbone – Set 
2). 
 
From comparison of the data shown in Figure 7.15, it can be concluded that there is good 
repeatability in the TSA measurements since the variation between the first and second set of 
data is typically less than 1% and fall within the uncertainty interval. It should be noted that 
each set of data was recorded using the same detector settings but on different days, under 
different environmental conditions and required a complete disassembly of the specimen and 
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loading jig between recordings hence demonstrating the reproducibility of the measurement 
with the same detector system. As there was not access to an alternative detector, it was not 
possible to assess the reproducibility of the measurement with different detectors. 
 
The results obtained from the 3D dogbone specimens match well with the data obtained from 
the standard tensile specimens in the preliminary work. The error bars on Figure 7.15 were 
calculated by combining the standard deviation of the ∆T and T values within the area of 
interest and a subsequent calculation of the maximum and minimum values of KP, which 
were then normalised by K0. The change in KP/K0 appears to be larger from compressive 
plastic strain compared with tensile deformation, agreeing with previous findings where the 
change in α  was seen to be negative and larger for compressive plastic  strain.  It was 
proposed by Rosenholtz et al [91] that the change in α due to plastic strain was due to 
distortion within the lattice. When the applied stress exceeds the elastic limit, there is a 
discontinuous change in expansion coefficient, and the coefficient of thermal expansion on 
unloading differs from the original value. It was shown that very small plastic strain was 
sufficient to cause a permanent change in α, which was attributed to either a lattice 
contraction or expansion during plastic flow.  
 
The mechanisms causing the changes and the reason for a difference between compressive 
and tensile plastic deformation are unclear; however, experimental work [91, 92] measuring 
the change in α noted an increase for tensile deformation and a decrease for compressive 
deformation. In addition, the findings in Figure 7.15 correlate well with the findings of 
Quinn et al [5] where negative departures in the thermoelastic response were found on the 
compressive side of a bent bar and positive departures on the tensile side. Rosenholtz [91] 
also found that an anisotropic single crystal possesses very different directional values of α, 
and after examining steel and magnesium concluded that anisotropic materials, or those with 
differently orientated grains may show a  variation in α  due to directionality. This may 
account for the variations of KP/K0  in the aluminium alloy specimens cut at different 
orientations to the rolling direction (Section 7.3.2), where significant grain elongation was 
present. 
 
It can be seen that a fairly linear relationship appears to exist between increasing plastic 
strain and an increasing thermoelastic constant. The magnitude of the changes in temperature 
are very small and the increase in ∆T from the 0% to the 15% specimen was approximately 8 
mK, the decrease in ∆T from the 0% to the -10% specimen was approximately 10 mK. 
Whilst it is known that the changes in thermoelastic response associated with residual stress 
and plastic deformation are very small, these changes are very close to the noise threshold of 131 
 
 
the detector. As a consequence, it is apparent that it would be very difficult to accurately 
estimate the plastic strain experienced based on the measured change in thermoelastic 
response. From a practical standpoint, measurement of these changes in an industrial 
environment is not realistically feasible, simply due to a difficulty in calculating and 
applying a known stress in a complex component. Any slight variation in the applied load (or 
in the associated stress calculation) may cause a similar variation in temperature change. 
Nevertheless, it is encouraging that these changes have been measured, and that the effect of 
plastic deformation on the thermoelastic constant has been defined over a large range of 
strain. 
 
7.7 Summary and conclusions 
Previously it was seen that the thermoelastic constant of a material increased when a 
component was subjected to plastic strain, and this was associated with a change in the 
coefficient of linear thermal expansion. The experimental approach used by Quinn et al [5] 
was to statically strain tensile specimens beyond the yield point followed by elastic 
unloading to result in a residual strain within the specimen but no residual stress. This 
enabled the effect of plastic deformation to be isolated from changes in the thermoelastic 
response due to the mean stress effect, and an increase from the original value of 
thermoelastic constant was recorded. This approach has been verified by examining tensile 
dogbone specimens containing prescribed amounts of tensile plastic strain in 316L stainless 
steel and two types of aerospace grade aluminium alloy. 
 
It had been postulated that the effect of a material ability to strain harden influenced the 
change in coefficient of linear thermal expansion, and thus affected the change in 
thermoelastic constant. Subsequently, materials were investigated that exhibited different 
strain hardening characteristics and the influence of material directionality was also 
considered. It was shown that K increased slightly more for AA2024 specimens (which does 
strain harden more) than for AA7085 specimens that were aligned at 45º and 90º to the 
rolling direction; however, this was not seen for specimens aligned at 0º. There was no 
conclusive relationship between the change in K and the materials’ ability to strain harden. 
The most important finding was that material directionality can have a large effect on the 
change in thermoelastic constant. For AA2024 subjected to 4% plastic strain, the increase in 
KP for specimens aligned at 0º was 2%, compared with a 4% for 90º and 7% change for 45º 
specimens. As a consequence, if the plastic strain was to be estimated from a measured 
change in K, knowledge of material directionality would be required. This effect was 
reduced in AA7085; for 4% plastic strain, the change in K was 3% for 0º, 4% for 90º and 5% 
for 45º specimens. 132 
 
 
 
The primary objective was to assess the feasibility of estimating the plastic strain within a 
component based on a measured change in thermoelastic response. This required the change 
in thermoelastic constant over a larger range of both tensile and compressive plastic strain to 
be defined. Previously compressive strain had not been investigated, lending an additional 
aspect to this work, although it had been postulated that the change in α would be negative 
and larger than for tensile strain. An appropriate material was identified and a specimen and 
rig design proposed to facilitate the plastic deformation of large specimens as well and cyclic 
loading for TSA. The change in thermoelastic constant was investigated for geometrically 
similar specimens containing strain ranging from -10% to +15%. Results showed an increase 
in thermoelastic constant for tensile plastic strain, and these matched well with the 
preliminary work investigating the effect in smaller tensile dogbone specimens. The 
thermoelastic constant decreased for compressive strain, and the magnitude of the decrease 
was  measurably larger than for the equivalent tensile strain, correlating well with 
expectations.  
 
Whilst the relationship between plastic strain and a change in K has been measured, the fact 
that the change is very small suggests that the accuracy at which the plastic strain could be 
estimated is questionable with the precision that is available from current infra-red detectors. 
It addition, the influence of material directionality would complicate this further. For 
stainless steel 316L, the situations where an appreciable change in thermoelastic response 
was measured related to those specimens experiencing very large amounts of plastic strain. 
In practice, such large plastic strains are not always experienced, and many in-service 
residual stresses are a result of much lower deformations, and therefore potentially lower 
changes in the coefficient of linear thermal expansion. One of the advantages of using a TSA 
based approach to residual stress assessment, was that expensive and time consuming 
calibration procedures would not be required, such as those needed in ultrasonic and 
magnetic based techniques. However, it is clear that extensive characterisation would be 
necessary to fully define the change in K due to plastic strain for any specific material, and 
therefore the potential benefit over other non-destructive techniques is significantly reduced. 
Similarly, some of the disadvantages of other residual stress assessment techniques are their 
proneness to error due to microstructure or material directionality; this may also provide a 
problem with a TSA based approach.  
 
The overall feasibility of using this approach for the assessment of plastic deformation is 
limited, primarily by the temperature resolution of currently available detectors, but also by 
the materials and components that are applicable. However, the fact that these changes in the 133 
 
 
thermoelastic response are measurable is very encouraging and shows potential for TSA to 
be used in wider applications. The aluminium alloys yielded a larger thermoelastic response 
for a given stress, and gave a greater change in KP  for lower levels of plastic strain. 
Therefore the approach will be further investigated in an engineering component containing 
realistic residual stress using the aluminium alloys studied; all aspects associated with TSA 
based residual stress assessment will be examined, including the mean stress effect. 
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Chapter 8 
 
Investigation of Residual Stress around Cold 
Expanded Holes 
 
8.1 Introduction 
This chapter builds upon the work undertaken previously, particularly Chapter 7 and the 
investigation of the effect of plastic deformation on the thermoelastic constant and the 
potential to form a novel residual stress assessment technique. The possibility of utilising the 
mean stress effect to examine residual stress is investigated concurrently and the overall 
objective of this work is to assess the feasibility of applying a TSA based methodology to an 
actual component containing realistic levels of plastic strain and residual stress.  
 
Fastener holes are a source of high stress concentration and often suffer from failure due to 
fatigue cracking. The cold expansion technique is commonly used in aerospace applications 
[101], as well as other areas of industry [102] as a means of enhancing fatigue life by 
delaying the initiation and propagation of fatigue cracks around holes. The cold expansion 
technique involves plastically deforming the area immediately adjacent to the hole to provide 
a compressive residual stress close to the hole edge [103], effectively increasing the required 
in-service loads needed to initiate fatigue cracking as well as limiting any future crack 
growth. The residual stress distribution around cold expanded holes is relatively well defined 
[104],  and thus provides an ideal opportunity for  this work. 
 
This thesis has primarily concentrated on ferrous materials thus far, however, for several 
reasons cold expanded holes in aluminium plates have been chosen as the component of 
interest. Firstly, it is important to assess if the procedure is applicable to a common structural 
engineering material other than steel. Secondly, cold expanded holes have a relatively well 
defined residual stress distribution allowing for reasonably straightforward comparison 
rather than having an unknown residual stress distribution. Finally, aluminium has a higher 136 
 
 
thermoelastic response than steel, therefore the small changes in thermoelastic response 
associated with residual stress should be easier to identify.  
 
The two methods for residual stress analysis using TSA outlined in Chapter 4 are both 
considered. Since the specimen is metallic, a surface coating is required and the paint coating 
characteristics defined in Chapter 5 are utilised. Appropriate testing conditions for TSA have 
been established in Chapter 6 and are used throughout. In addition, the magnitude of the 
changes in thermoelastic response are known to be small and the investigation of the errors 
and accuracy of the measurements studied in Chapter 6 will enable the practical feasibility of 
the approach to be considered. Finally, the investigation of the effect of plastic deformation 
on K (Chapter 7) will provide estimations of the change in α in areas around the hole that 
have been affected by cold expansion. 
 
TSA is conducted on aluminium plate (AA2024-T351 and AA7085-T7651) containing holes 
with different levels of cold expansion, which are similar to the levels found in service. Point 
by point comparison of the thermoelastic response is made between specimens to attempt to 
identify the areas affected by the cold expansion process. The mechanical and thermoelastic 
properties of each material are characterised and a comparison of experimental and 
theoretical results is provided. Quantification of the residual stress field is also obtained 
using laboratory X-ray diffraction and the potential to use a TSA based approach to residual 
stress determination is assessed. 
 
8.2 Research objectives 
The primary aim of the work described in this chapter is to: ‘use thermoelastic stress 
analysis to investigate changes in the thermoelastic response in a specimen containing 
realistic levels of residual stress that are representative of a service component’, and thus, 
‘establish the overall feasibility for TSA to be used as a potential means of non-destructive 
residual stress assessment’. The realistic component takes the form of aerospace grade 
aluminium plate containing a central cold expanded hole. The component is manufactured 
using standard methods; the dimensions and levels of residual stress are representative of 
industry. A number of sub-tasks have been defined to facilitate the completion of the main 
objective; these are as follows: 
 
•  Establish the applicability of the mean stress effect to the component material 
and if appropriate, quantify the effect of the mean stress within an appropriate 
loading range, and obtain the temperature dependence of the elastic modulus, 
dE/dT and Poisson’s ratio, dν/dT. 137 
 
 
 
•  Assess the effect of the plastic deformation on the component material and if 
applicable, define the change in thermoelastic constant over an appropriate 
range of plastic strain. 
 
•  Obtain the thermoelastic response from around a hole with and without cold 
expansion, and identify areas with a different thermoelastic response, i.e. those 
affected by the presence of residual stress. 
 
•  Use an established residual stress measurement technique to validate the 
residual stress distribution around the cold expanded holes, and quantify the 
levels of residual stress for input into a theoretical model. 
 
•  Using the revised theory of the thermoelastic effect, obtain theoretical 
predictions of the thermoelastic response around a uniaxially loaded plate 
containing a central hole to provide a comparison with the experimentally 
acquired TSA data. 
 
By completing these sub-tasks and by comparison of the theoretical and experimental data 
sets, it is possible to ascertain the magnitude and relative contribution to the change in 
thermoelastic response due to residual stress (either from the mean stress effect, plastic 
deformation, or both). Once the magnitude of the variations are known for a realistic 
component, and the dominant mechanism driving the change has been established, the 
overall feasibility of a TSA based approach to residual stress assessment can be considered. 
 
8.3 Cold expanded holes 
The process of the cold hole expansion is well established and its use has become wide 
spread in applications where fatigue cracking is an issue, particularly in the aerospace 
industry. A beneficial compressive residual stress is imparted into the region adjacent to the 
hole, and it has been well demonstrated to extend fatigue life, providing resistance against 
fatigue crack initiation and crack growth [105].  
 
The cold expansion process involves plastically deforming the material directly adjacent to 
the hole in both the radial and hoop directions [103]. An oversized tool is forced into the 
hole, developing a compressive residual stress, and thus requiring any in-service loads to 
overcome this compressive residual stress before fatigue cracks can form. There are three 138 
 
 
methods that have been developed for cold expanding holes: (a) the tapered mandrel process 
[106], (b) the oversized ball method [101], and (c) the split-sleeve [107] or split mandrel 
expansion method [108]. The split-sleeve expansion method has been shown to produce 
more favourable residual stress distributions, and is most commonly used in the aircraft 
industry. 
 
The split-sleeve process involves pulling an oversized tapered mandrel through an internally 
lubricated split-sleeve that has been placed in the hole being cold expanded, as shown in 
Figure 8.1. The purpose of the sleeve is to prevent direct contact between the hole and the 
sliding mandrel, and helps prevent damage to the hole edge by minimising the material flow 
in the through thickness direction [103]. The combined thickness of the sleeve and the 
mandrel, relative to the size of the hole gives the level of expansion. The hole is expanded by 
a sufficient amount to cause permanent plastic deformation, and as the mandrel is removed 
the material undergoes partial, but not full recovery. The material further from the hole, 
which is only elastically deformed springs back from the expanded state and forces the 
plastically deformed material, closer to the hole, into compression. Consequently, a large 
compressive residual stress is formed close to the hole, and reduces with distance from the 
hole; a tensile residual stress can be found much further from the hole due to the self-
equilibrating stress field.  
 
Figure 8.2 shows the typical residual stress field resulting from split-sleeve cold expansion 
and the regions of compressive and tensile residual stress. The magnitude of each of the 
regions, and the distance over which they act is dependent on many factors which are 
discussed in Section 8.3.1.  The maximum compressive stress is typically similar in 
magnitude to the yield stress of the material. It should also be noted that as the mandrel is 
removed from the hole, the material on the entry side of the hole begins to relax, however the 
material on the exit face does not, since it is still constrained by the presence of the mandrel. 
As a result, the final residual stress distribution is somewhat three-dimensional with a 
different magnitude of residual stress on the entry and exit sides of the hole. 
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Figure 8.1  Schematic of the split-sleeve cold expansion method. [109] 
 
 
 
Figure 8.2  Schematic of the tangential residual stress profile around a cold expanded hole. [110] 
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8.3.1 Factors affecting specimen design 
There are many features that influence the residual stress field around cold expanded holes, 
and even though the shape is well defined, it is not surprising that it is very difficult to 
quantify the final residual stress distribution without some form of physical measurement or 
complicated finite element simulation. The plate and hole dimensions are also a significant 
consideration with regards to the required loading conditions for TSA. It is important that 
these factors are understood such that they can be accounted for, or exploited, at the design 
stage. The main variables affecting the residual stress distribution around a cold expanded 
hole are discussed with reference to relevant studies and include the following: 
 
•    Method of expansion  •    Location of split sleeve 
•    Level of expansion  •    Mandrel type 
•    Interference ratio  •    Plate thickness 
•    Edge distance  •    Orientation (entry and exit side) 
 
Method of cold hole expansion 
The three main methods of cold expansion are: the ball technique [106], tapered mandrel 
technique [101], and split sleeve expansion [107]; a variation of the split sleeve expansion 
method can be found in the split mandrel expansion method. All three methods involve the 
insertion of an oversized tool into a hole to force expansion. The split sleeve and split 
mandrel techniques were developed to reduce the surface damage that was introduced at the 
interface from the tool contacting the entire hole surface. The split sleeve method has been 
shown to yield more favourable residual stress distributions, while minimising the 
detrimental issues of high interference surface damage and through-thickness axial flow 
caused by the tapered mandrel technique [107]. It is for this reason that the split sleeve 
technique has become the most commonly used method in industry. The cold expanded 
holes that are analysed in this work have been produced by the split sleeve method, such that 
the optimum levels of residual stress are present, and also to reflect the methods currently 
being used in industry. 
 
Level of cold hole expansion 
Many studies have examined the residual stress distribution around holes following different 
levels of expansion [107]. The amount of cold expansion is generally expressed as a 
percentage, and is based on the ratio of the size of the ball, size of the mandrel, or the 
combined size of the mandrel and split sleeve, relative to the size of the original hole. It has 
been shown that the induced compressive stresses increase up to 5% cold hole expansion, 141 
 
 
and then decrease for 6% and above [111]; and that the magnitude of the maximum 
compressive residual stress is approximately equal to the yield strength of the material. 
Figure 8.3 shows the maximum compressive residual stress for different levels of cold hole 
expansion from one such study. 
 
 
Figure 8.3  Variation of residual stress with level of expansion for AA2024-T3 using the 
tapered mandrel method. [111] 
  
Based on the level of compressive residual stress, and also taking into consideration the hole 
damage and energy of the process, the optimum level of expansion using the split sleeve 
method is generally accepted to be 4%. The cold expanded holes that are analysed in this 
work have been expanded to 0%, 2% and 4%, providing a realistic range of residual stresses 
to be examined. 
 
Edge distance 
The edge distance is usually defined by the ratio e/D, where e is the distance between the 
centre of the hole and the plate free edge, and D is the diameter of the hole. The edge 
distance can have a significant effect on the residual stress distribution, both in shape and 
magnitude if the e/D ratio is small [110]. As the edge distance ratio reduces, the tangential 
residual stress field around the hole is no longer axisymmetric, since it interacts with the 
plate edge. The typical residual stress distribution consists of a reverse yielding zone up to a 
maximum compressive stress, followed by an increase to a maximum tensile residual stress, 
and then a gradual decrease to an equilibrium stress state as shown in Figure 8.2. It has been 
seen that as e/D approaches a value of 2 or less, the tensile residual stress may in fact 
gradually increase up until the free edge of the plate. Finite element simulations have 
suggested that for an e/D ratio of 3 or above, the edge distance has minimal effect on the 
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residual stress distribution far away from the hole, i.e. the region of tensile residual stress 
[110].  
 
In common applications, i.e. cold expansion of rivet holes in the aircraft industry, it is likely 
that several cold expanded holes will be in close proximity to each other. The effects of the 
holes’ relative positions are similar to the effect edge distance, in that the residual stress may 
vary significantly when the individual residual stress distributions begin to interact. The e/D 
ratio for the aluminium plates investigated in the experimental work is approximately 4.7 in 
the x-direction and 9.4 in the y-direction. Based on the above discussion, it can be concluded 
that the residual stress distribution due to cold expansion is not affected by the specimen 
dimensions, and therefore edge effects do not need to be considered in the evaluation of 
results. 
 
Plate thickness 
Experimental and numerical work has shown that cold expansion is a complex 3D problem. 
Due to the tool motion through the hole and the subsequent wave of deformation, a non-
uniform residual stress distribution through the plate thickness is common. Ozdemir and 
Hermann [112] identified that plate thickness may significantly influence the quantitative 
residual stress. Later Nigrelli and Pasta [113] investigated the effect of plate thickness on the 
residual stress distribution for 3  mm, 5 mm and 10 mm thick plates, concluding that 
compressive hoop residual stresses increase with increasing plate thickness. The thickness of 
the aluminium plates that are analysed in this work is 10 mm and is representative of plate 
thicknesses found in industry. 
 
Location of split-sleeve 
The split-sleeve comprises of a tube of material with a small slit, which allows for slight 
deformation that minimises damage to the hole edge during the expansion process. The 
presence of the slit causes a variation of the residual stress distribution due to there being a 
small section of the hole that is not in contact with the split-sleeve/mandrel arrangement. 
Knowing the orientation of the split in the sleeve is important to accurately predict both the 
magnitude and distribution of residual stress around a cold expanded hole. For the plates 
used in this work, the split in the sleeve is located at the top of the hole, aligned at 0° to the 
loading direction.  
 
Entry and exit side 
It is known that there is a through thickness variation in residual stress due to the 3D nature 
of cold expansion. Subsequently, the magnitude of the residual stress is different on the entry 143 
 
 
and exit sides of the hole. This is caused by material on the entry face undergoing elastic 
recovery before the mandrel has moved completely through the work piece, resulting in the 
exit side having a larger compressive residual stress than the entry side [114]. In this work, 
thermoelastic data is recorded from both the exit and entry sides of the plates to investigate 
this difference. 
 
Experimental stress analysis of holes in thick plates 
In infinitely large plates the stresses are dependent on the ratio of plate thickness to hole 
diameter (h/D). For the plane stress solution (i.e. a thin plate) the stress concentration factor 
is 3. In thicker plates there is a reduction in the stress levels away from the mid-plane and 
therefore a reduction in the stress concentration factor. This is relevant to the design of plate 
specimens, and in consideration of the applied loads and expected stresses around the cold 
expanded holes. TSA provides surface stresses, and it is important to understand the 
expected stresses (both shape and magnitude) around the hole when under cyclic load.  The 
thickness of the plate used in this work is sufficiently large that plane stress conditions 
cannot be assumed. Therefore the stress on the surface of the plate will be less than that 
predicted by a simple analytical solution of a hole in a flat plate and a correction factor will 
be necessary [115]. 
 
Some previous work [116] has been conducted on normal and oblique holes in thick plates 
using TSA which is of some relevance to this work. In this case, the SPATE system was 
used to collect thermoelastic data around a central circular hole and it was shown that if: (i) 
the distance between the centre of the hole and the edge of the specimen perpendicular to the 
loading direction, d1, was greater than 3.3D, and (ii) the distance between the centre of the 
hole and the edge of the specimen parallel to the loading direction, d2, was greater than 6.7D, 
then infinite plate conditions can be assumed, in that the edge of the specimen has no 
influence on the stress at the hole. 
 
8.3.2 Experimental approach and test setup 
The primary objective of this work is to observe variations in thermoelastic response around 
cold expanded holes due to the presence of residual stress, attribute these changes to either 
the mean stress effect, plastic deformation, or both, and ultimately to assess the feasibility of 
using TSA as a means of detecting residual stresses within actual components. To 
supplement the investigation, it is necessary to perform a series of dynamic and static tensile 
tests to characterise the mechanical and thermoelastic behaviour of the materials under 
investigation.  
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This involves loading dog-bone type specimens in uniaxial tension to achieve the following: 
 
a)  Obtain mechanical properties and ascertain the temperature dependence of 
each alloy (at room temperature). 
b)  Assess the effect of the mean stress on the thermoelastic response for each 
alloy. 
c)  Determine the effect of plastic deformation on the thermoelastic constant, 
K, for each alloy and establish the significance of strain hardening. 
d)  Examine any material directionality that is present due to cold rolling and 
investigate what effect this has on the thermoelastic response. 
 
The experimental methodology outlined in Section 4.7 was adopted. Any variations in the 
measured thermoelastic response  due to plastic deformation, strain hardening, material 
directionality or the mean stress effect could therefore be ascertained, assuming specific 
loading conditions are maintained and the background temperature does not change 
significantly. 
 
The parameters used to manufacture the plate specimens used in this work have been chosen 
to be representative of in-service applications. The geometry of the plate, e.g. thickness, hole 
diameter etc, are as used in the manufacture of aircraft, whilst the cold expansion process is 
also typical. However, considerations such as the limitations associated with the load 
capacity of the available test machines and the necessity to impart a uniform load through 
loading jigs are also considered. The specimen dimensions are given in Table 8.1 and the 
specimen geometry and the loading jig are shown in Figure 8.4. 
 
Table 8.1  Specimen dimensions. 
  Plate Specimens        Dog-bone specimens   
B1  Plate width  150 mm    L1  Gauge length  60 mm 
B2  Plate length  300 mm    W1  Gauge width  15 mm 
C  Attachment holes  6 mm    L2  Specimen length  150 mm 
D  Hole diameter  15.875 mm (5/8”)    W2  Specimen width  25 mm 
d1  Edge distance (x)  4.7 D    L3  Tab length  40 mm 
d2  Edge distance (y)  9.4 D    R1  Radius  5 mm 
h1  Plate thickness  10 mm    h2  Specimen Thickness  5 mm 
 
The aluminium plate specimens were manufactured with dimensions of 300 mm x 150 mm x 
10 mm containing a hole of nominal diameter 5/8” (15.875 mm). These dimensions were 145 
 
 
chosen for two reasons: firstly, the distance from the edge of the plate relative to the 
diameter of the hole (e/D ratio) is sufficiently large (i.e. greater than 3) for edge effects not to 
cause any unusual variation of the residual stress distribution during the cold expansion 
process. Secondly, it was shown in [117] that infinite plate conditions (i.e. no edge effects 
during cyclic loading for TSA) can be assumed if the distance from the hole to the plate 
edges (d1 and d2) is greater than 3.3D and 6.7D in the x and y directions respectively. 
 
The investigation of the effects of strain hardening on the change in thermoelastic constant 
for aluminium (Section 7.3.2) was inconclusive. Subsequently, both grades of aluminium 
were investigated, AA2024-T351 (which experiences high strain hardening) and AA7085-
T7651 (which does not strain harden significantly). In total, 8 plates were manufactured from 
each aluminium alloy; 4 containing a central hole, and 4 additional plates from which the 
dog-bone type tensile specimens were manufactured. For each alloy, one hole was cold 
expanded by 2% and one by 4%, then reamed to a final diameter; one hole was expanded by 
 
 
 
 
 
 
Figure 8.4: Schematic of specimen dimensions and loading mechanism 
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4% and was left unreamed, and one hole was reamed but not cold expanded providing a 
reference specimen, i.e. 0%. It should also be noted that the mandrel split was aligned with 
the top of the hole, and that prior to cold expansion, the plates had been cold-rolled (in the 
300 mm direction). Tensile specimens had a nominal cross-sectional area of 15 mm x 5 mm 
and were cut at 0º, 45º and 90º to the rolling direction. Schematics of the specimens are 
shown in Figure 8.4. The plate and tensile specimen dimensions are given in Table 8.1, and 
the specifications of each individual plate specimen is outlined in Table 8.2. 
 
Table 8.2  Cold expanded holes in aluminium plates - Test specimen characteristics. 
Plate  Material  Expansion Level  Hole Diameter (nom.) 
  AA2024  AA7085  Reamed  0%  2%  4%  (mm) 
5              15.875 
6              15.875 
7              15.875 
8              Not reamed 
13              15.875 
14              15.875 
15              15.875 
16              Not reamed 
 
The surface of all specimens was coated with a thin layer of matt black paint in accordance 
with the procedures outlined in Chapter 5. For thermoelastic measurements, an Instron 8802 
servo-hydraulic test machine with a load capacity of 100 kN was used to cyclically load each 
specimen; a Cedip 480M infra-red detector was used to obtain thermoelastic data with the 
settings defined in Chapter 6. For static loading procedures, an Instron 5569 servo-
mechanical test machine with a load capacity of 50 kN was used unless specified; linear 
strain gauges or an extensometer was applied to measure strain within the gauge length 
where necessary. 
 
8.4 Material characterisation 
Acquiring a complete knowledge of the material behaviour, both mechanically and 
thermoelastically is an important step in understanding the mechanisms causing the 
variations in thermoelastic response around the cold expanded holes. The present section 
outlines the work undertaken to characterise both grades of aluminium alloy and establish 
the magnitude of the effects discussed in Section 8.3.2. These material characteristics are 
also required for input into a theoretical model of the thermoelastic response.  
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8.4.1 Mechanical testing 
Obtaining the yield strength, ultimate tensile stress and % strain hardening was achieved by 
quasi-statically applying load until failure, at a rate of 0.5 mm min
-1.  The modulus of 
elasticity was measured using the same method, while ensuring the specimen did not exceed 
the elastic limit. An extensometer with a 25 mm gauge length was attached to the specimen 
to measure the strain, and was removed between yield and failure to prevent any damage 
occurring during failure. Five specimens of each material aligned at 0º were tested. The 
mechanical properties of AA2024-T351 and AA7085-T7651 are listed in Tables 8.3 and 8.4 
respectively, the stress-strain characteristics are shown in Figures 8.5 and 8.6. The % strain 
hardening of each alloy has been defined by the percentage increase of the ultimate tensile 
strength in comparison to the yield strength.  
 
Table 8.3  Mechanical properties of AA2024-T351. 
 
Table 8.4  Mechanical properties of AA7085-T7651. 
 
The modulus of elasticity has been included in Tables 8.3 and 8.4 for completeness. There 
was significant variation between each specimen, and the value of E  for AA7085 was 
significantly lower than expected. Further examination of the data revealed an element of 
slipping between the extensometer and the specimens for both materials; this is likely due to 
 
Yield 
Strength 
(MPa) 
UTS 
 (MPa) 
% 
Elongation 
Elastic 
Modulus 
(GPa) 
% Strain 
Hardening 
Specimen 1  352  464  20.3  76.5  31.8 
Specimen 2  352  463  19.3  77.7  31.5 
Specimen 3  349  467  21.6  74.4  33.8 
Specimen 8  353  463  20.0  72.1  31.1 
Specimen 10  356  465  23.1  -  30.6 
Average  352  464  20.8  75.0  31.8 
 
Yield 
Strength 
(MPa) 
UTS 
(MPa) 
% 
Elongation 
Elastic 
Modulus 
(GPa) 
% Strain 
Hardening 
Specimen 1  494  535  12.3  65.1  8.3 
Specimen 2  497  536  12.5  64.7  7.8 
Specimen 3  499  537  11.8  67.1  7.6 
Specimen 10  487  548  12.8  -  10.5 
Specimen 11  492  537  12.3  63.5  9.1 
Average  494  538  12.3  65.1  8.6 148 
 
 
the knife-edges of the extensometer not gripping on the specimen surface. Therefore the 
values of E for both materials are considered unreliable. The experiments were repeated on 
different specimens, with strain gauges mounted on both sides. These results are documented 
in Section 8.4.2 in the investigation of the temperature dependence of E. 
 
 
Figure 8.5  Stress-strain curve for AA2024 specimens. 
 
 
Figure 8.6  Stress-strain curve for AA7085 specimens. 
 
The stress-strain curves for AA2024-T351 specimens are shown in Figure 8.5. The 
extensometer was removed after approximately 3% strain. Specimen 10 was used to obtain 
initial values of UTS and yield strength; therefore the extensometer was not attached, and 
hence there is no value of E in Table 8.3. For specimen 3, the extensometer was removed 
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after 10% strain (approximately equal to the UTS) to obtain a full understanding of the strain 
characteristics. It was found that AA2024 strain hardens by approximately 32%. Figure 8.6 
shows the stress-strain curve for AA7085-T7651. This grade of aluminium does not strain 
harden by a significant amount, approximately 8%. Compared with AA2024, the AA7085 
alloy has a higher yield strength and UTS, and exhibits reduced strain hardening and lower 
elongation to failure.  
 
8.4.2 Temperature dependence of elastic modulus 
It has been shown that the mean stress effect is largely governed by the temperature 
dependence of the elastic modulus (dE/dT), and thus for a material whose elastic properties 
do not vary significantly with temperature, the mean stress effect be small. It has been 
reported [18] that a mean stress effect has been measured in some grades of aluminium. It is 
therefore necessary to establish dE/dT and dν/dT to understand the applicability of the mean 
stress effect to these materials, and also for use in theoretical predictions of the thermoelastic 
response. 
 
A thermal chamber was fitted to the test machine to facilitate testing within a temperature 
controlled environment, and specimens aligned at 0º to the rolling direction were quasi-
statically loaded to approximately 10 kN (133 MPa) and then unloaded. A strain gauge 
(CEA-13-125UT-350) was mounted on both sides of the specimen to monitor the strain 
throughout each test. These strain gauges were matched to the parent material, such that the 
coefficient of linear thermal expansion was the same. In addition, the strain gauges were 
allowed to stabilise between each temperature increment to prevent  thermal strains 
influencing the results, in line with the manufacturers recommended procedure. The modulus 
of elasticity was calculated from the gradient of the elastic region of the stress-strain curve at 
temperatures ranging from 20ºC to 60ºC in increments of 10ºC. Six repeat tests were 
conducted at each temperature and the results shown in Figure 8.7. Tests were then 
conducted just above room temperature to populate the curve further at 5ºC intervals in 
regions where it may be practical to conduct TSA measurements. 
 
The errors bars represent the maximum and minimum value of E  recorded at each 
temperature, taken over the six repeated tests and for both strain gauges. The modulus of 
elasticity at room temperature for AA2024-T351 was measured as 74.8 ± 0.6 GPa, and 69.2 
± 0.7 GPa for AA7085-T7651. These values will be used in future calculations, and not the 
values obtained in Section 8.4.1.  
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Figure 8.7  Temperature dependence of elastic modulus (dE/dT) for AA2024-T351  
and AA7085-T7651. 
 
A reduction in elastic modulus with increasing temperature was measured in both grades of 
aluminium, and while the value of dE/dT at room temperature for each alloy suggests that 
the mean stress effect will not be large, it may still be of significance in this work. Since both 
dE/dT and dν/dT are present in Equation (3.3), Poisson’s ratio was also investigated and no 
discernable temperature dependence was found for either of the alloys. Therefore in all the 
following work, the value of dν/dT is assumed to be zero. 
 
8.4.3 Mean stress effect 
Tensile specimens were cyclically loaded at 10 Hz, with a constant applied load of ±3 kN 
(40 MPa) about a series of different mean loads; these ranged from 4kN (53 MPa) to 19 kN 
(253 MPa) for the AA2024 alloy, and from 4kN to 31 kN (413 MPa) for the AA7085 alloy, 
in increments of 3 kN. The maximum permitted mean load was governed by the yield 
strength of the material since the material must not exceed its elastic limit.  Measurements 
were taken at the lowest mean stress, which was then incrementally increased up to the 
maximum mean stress, and then incrementally reduced back to the starting mean stress. The 
difference between the two sets of measurements was negligible. The effect of the mean 
stress on AA2024-T351 and AA7085-T7651 specimens at 0º is shown in Figure 8.8, and the 
increase in thermoelastic response due to the mean stress is clearly evident. For an increase 
in mean stress from 53 MPa to 253 MPa for AA2024, the increase in ∆T was approximately 
10 mK. The effect of the mean stress was consistent for specimens aligned with the 0º, 45º 
dE/dT= -48.457 MPa / º C  
dE/dT = -53.567 MPa / º C  
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and 90º directions. For an increase in mean stress from 53 MPa to 413 MPa for AA7085, the 
increase in ∆T was approximately 20 mK, and as before, the mean stress effect was not 
affected by material directionality. It should be noted that since there was a small increase in 
background temperature from the initial to final test, the calibrated thermoelastic response, 
∆T, has been divided by the background temperature, T, in Figure 8.8. 
 
The effect of the mean stress has been shown to be of measurable magnitude in both grades 
of aluminium. The residual stress around the cold expanded holes would be expected to be of 
a similar order to the  maximum  mean stress, and thus could cause differences in the 
measured thermoelastic response between the holes that have and have not been cold 
expanded by modification of the effective mean stress. Therefore the effect of mean stress 
warrants consideration in this study. 
 
 
Figure 8.8  Mean stress effect in AA2024-T351 and AA7085-T7651. 
 
8.4.4 Effect of plastic deformation on K 
The effect of plastic deformation on the thermoelastic constant for both materials has been 
documented in Chapter 7; the change in KP/K0 for AA2024-T351 and AA7085-T7651 is 
shown in Figures 7.3 and 7.4 respectively. It was found that KP/K0 increased with increasing 
tensile plastic strain, however the change was different for specimens aligned with the 0º, 45º 
and 90º directions. It was concluded that knowledge of material directionality would be 
required to enable an evaluation of plastic strain based on a change in thermoelastic constant 
from a reference specimen due to this apparent material directionality.   
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The plates containing cold expanded holes have been cold rolled and the direction is known, 
however the stress distribution is more complex than for a tensile specimen, such that a 
calibration based on KP must account for the anisotropic characteristics of the mechanical 
behaviour of the material. Nevertheless, the fact that plastic deformation has occurred is 
likely to change the measured thermoelastic response. Moreover, in cold expansion the 
relaxation is constrained, and thus residual stress is also present; this is in contrast to tensile 
specimens where there is no residual stress since it could be relaxed during unloading. 
 
The area around the cold expanded hole will have experienced compressive plastic strain, 
and therefore a similar but negative change in KP is expected. Unfortunately, it was not 
possible to obtain KP/K0  for compressive plastic strain due to limitations with specimen 
design and the available material. However, the change in KP/K0 for compressive strain can 
be estimated, and is based on previous work [92] where the change in α was seen to be 
negative and slightly larger for compressive strain in comparison to the equivalent tensile 
strain and confirmed by current work examining stainless steel 316L, where an increase in 
KP/K0 was seen for tensile plastic strain, and a larger decrease for compressive plastic strain. 
 
8.4.5 Summary 
The purpose of the tensile testing was threefold; firstly, to characterise the two alloys and 
obtain the relevant material properties for input into a theoretical model for predicting the 
thermoelastic response. Secondly, to highlight any differences in the mechanical or 
thermoelastic behaviour that may cause variations in the thermoelastic response between the 
alloy materials. Finally, to ascertain the relevance of the mean stress effect and plastic 
deformation, and estimate the changes in thermoelastic response that can be expected in this 
particular study of cold expanded holes. 
 
Knowledge of the materials mechanical behaviour allows the maximum cyclic load that can 
be applied to the plates to be estimated, while ensuring the elastic limit is not exceeded in the 
loading jig or at the plate attachment holes. The material properties of modulus of elasticity, 
E, the temperature dependence of E, dE/dT, the temperature dependence of Poisson’s ratio, 
dν/dT, and the thermoelastic constants, K0 and KP/K0 have all been experimentally obtained 
and therefore all the material properties in Equations (3.2) and (3.3) are now known. Given 
prescribed loading conditions the thermoelastic response can now be predicted based on the 
fundamental theoretical equations. 
 
In addition, the two effects relating TSA and residual stress analysis have been investigated 
for their applicability to these aluminium alloys. The mean stress effect was clearly evident, 153 
 
 
and since a large residual stress is expected around the cold expanded holes compared with 
little or no residual stress around the reference hole, any changes in the thermoelastic 
response could be a result of the mean stress effect. Similarly, the effect of plastic 
deformation on K was also measured for both alloys. The changes in thermoelastic response 
due to tensile strain was smaller in comparison to the changes associated with high mean 
stresses, but would be expected to increase upon compressive strain. Since the edges of the 
hole have undergone significant compressive plastic strain during cold expansion, it is also 
possible that the effect of plastic deformation may contribute to any changes in the 
thermoelastic response. 
 
8.5 Thermoelastic stress analysis of cold expanded holes 
Comparisons are made between specimens with and without cold expansion, associating the 
changes in the thermoelastic response to the presence of residual stress. The areas around the 
cold expanded holes would be expected to contain large compressive residual stress (within a 
few mm) reducing to small tensile residual stress further from the hole. Away from the hole, 
the residual stress state would be similar to that in the 0% plate, since they have all be cut 
from the same cold rolled piece of material. Any differences in thermoelastic response due to 
residual stress should be identifiable from comparison of the thermoelastic data immediately 
adjacent to the hole.  
 
8.5.1 Experimental procedure 
Plate specimens were cyclically loaded (in the rolling direction) at a mean load of 30 kN, 
with a load amplitude of 25 kN. Thermoelastic data was recorded from both the entry and 
exit faces of the plate using the standard 27 mm lens, at two viewing distances: (i) at a stand 
off distance of 385 mm, showing the hole as well as areas of uniform stress away from the 
hole, and (ii) at a stand off distance of 200 mm, showing the areas immediately adjacent to 
the hole. Initially tests were conducted at 5 Hz, 7.5 Hz and 10 Hz, to ensure there was no 
non-adiabatic behaviour due to the paint coating; data was then recorded at 10 Hz. It was 
ensured that the infra-red detector was positioned such that the location of the hole remained 
the same in each test, thus allowing a pixel by pixel comparison of the thermoelastic data for 
each plate. 
 
Due to the high dynamic loading, some rigid body motion was noticeable in the TSA video 
data and this was particularly apparent at the specimen edges. Motion compensation was 
performed to remove this motion and the resulting errors that can be associated with it. This 
was achieved using the Random Motion software provided by the manufacturer, as described 
in Section 6.2.1. 154 
 
 
8.5.2 Thermoelastic response around holes 
An example of TSA data observed from around 0%, 2% and 4% cold expanded holes is 
shown in Figure 8.9. The data is taken from the entry side of AA7085 plates and the stress 
sum distribution that would normally be expected around a hole is clearly identifiable. There 
are several features in Figure 8.9 that warrant discussion. The circular area (2) was applied to 
each image to check the hole was in the same position and that motion compensation was 
successful. During each test, the hole was filled with plasticine, which shows little or no 
thermoelastic response and thereby provides a well-defined edge to allow a clear 
identification of the hole in the data. Two line plots have been taken from the data; the first 
(1) shows the thermoelastic response directly across the hole, the second (3) shows the 
response further from the hole, in a region of  more uniform stress. For the reference 
specimen (0%), it can be seen that the background temperature change is approximately 
0.10ºC and the maximum temperature occurring at the hole edge is approximately 0.25ºC. 
Using Equation (3.2) and the thermoelastic constant for AA7085 in Table 7.1, the applied 
stresses can be approximated as 35 MPa in the plate and 90 MPa at the hole. (It is important 
to note that a stress concentration factor of 3 cannot be expected from this rough estimation 
of the stresses due to the finite dimensions of the plate which are explained later). In an ideal 
situation, increasing the applied load would increase the stress, and thus increase the 
differences in the temperature changes that are of interest. However, further increasing the 
applied load could result in some areas containing tensile residual stress exceeding the elastic 
limit, as well as approaching the load capacity of the test machine, and other deleterious 
effects arising from bending or distortion of the loading rig at high cyclic loads. 
 
To examine differences in thermoelastic response, ∆T data around the 0% cold expanded 
holes was subtracted from the data around the corresponding 4% cold expanded holes on a 
pixel by pixel basis; this formed new data sets (∆T4% - ∆T0%) revealing areas with a different 
thermoelastic response (Figure 8.10). The marks seen in the top left and top right corners of 
each image in Figures 8.9 and 8.10 correspond to paint that was scratched from the surface, 
providing reference points for motion compensation, which was used to remove edge effects. 
Note, the data from within the holes has been removed, along with the immediate edge data 
that may be spurious due to edge effects.   
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Figure 8.10  Difference in thermoelastic response around the 4% and 0% cold expanded holes, (∆T4 - 
∆T0). (Top left) AA2024 entry, (Bottom left) AA7085 entry, (Top right) AA2024 exit, (Bottom right) 
AA7085 exit. 
 
From Figure 8.10, differences in the thermoelastic response between the 4% and 0% cold 
expanded holes can be identified; the variations are located close to the hole edge (where the 
residual stress is largest). However, if it is assumed that these changes can be related to 
residual stress directly, the variations do not take on the form that would be expected based 
on the residual stress distribution shown in Figure 8.2 (i.e. a ring around the hole). In 
addition, the difference between the data sets in areas away from the hole is not zero, which 
would be expected if there was zero residual stress and the same loading conditions were 
applied. It is likely that an element of noise was introduced into the new data sets due to the 
subtraction of one data set from another, causing this non-zero change in background 
response. While the variations around the hole are very small, it is encouraging that the 
changes close to the hole are larger than the noise introduced.  
 
8.5.3 Noise reduction 
An evaluation of the background noise caused by the subtraction process is required; to 
provide this, a line of data from an area of uniform stress in each 0% plate was subtracted 
from the same area on the corresponding 4% plate. This provides an estimate of the 
difference in background thermoelastic response, which in turn provides an estimate of the 
noise content in the subtracted data set. A typical example of the background noise 
estimation is given in Figure 8.11. The noise limits were evaluated for each side of each 157 
 
 
plate. Any variation of thermoelastic response in the ∆T4% - ∆T0% data sets falling within the 
maximum and minimum values (typically ±0.006 K) was disregarded as potential noise from 
subtraction. By applying these limits to each new data set, it is possible to obtain an image 
where departures in the thermoelastic response between identically loaded plates of the same 
material can be identified. Even though the subtraction noise is relatively large in 
comparison to the changes in thermoelastic response that are of interest and it is possible that 
some effects may be masked by this process, for large plastic strain and large residual stress 
the variation would be expected to be of greater magnitude than the threshold limits (10 to 
20 mK). 
 
Figure 8.11  Typical background noise with threshold limits from subtraction process. 
 
8.5.4 Discussion of results 
Figure 8.12 shows the shows the ∆T4% - ∆T0% data sets for the entry and exit sides of the 
AA2024 and AA7085 plates with the threshold noise filter applied. The variations in ∆T are 
small, but it is encouraging that measurable differences exist that are larger than the 
estimated noise content, and far enough from the hole edge not to be a result of erroneous 
measurement or edge effects. The changes are also similar in magnitude to those measured 
due to the mean stress effect and plastic deformation in tensile specimens of the same 
material (Section 8.4). 
 
Since the loading conditions are the same for each plate, the difference in the thermoelastic 
response between the specimens must be a result of the residual stress around the hole 
caused by the cold expansion process. The expected residual stress profile (Figure 8.2) 
would take the form of a ring of compressive residual stress close to the hole, with a very 
small region of different residual stress directly above the hole corresponding to the location 
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of the split in the sleeve. The data for the AA7085 entry side and the AA2024 exit side show 
variations in ∆T around the hole correlating well with the expected areas of residual stress. 
However a different distribution is seen for the AA7085 exit side and the AA2024 entry side 
which is similar to the applied stress. It may also be considered that as the distribution 
follows what would be expected from the applied stress field, what is being observed in the 
data may be a consequence of the mean stress. 
 
It is assumed that the changes around the holes shown in Figure 8.12 are due to residual 
stress, and that they are a result of the mean stress effect or plastic deformation. The relative 
and potential contributions of these effects are discussed later in comparison to theoretical 
predictions based on the fundamental equations and the material characterisation outlined in 
Section 8.4. 
 
 
Figure 8.12  ∆T4 - ∆T0 data sets with threshold noise filter applied. 
(Top left) AA2024 entry, (Bottom left) AA7085 entry, (Top right) AA2024 exit,  
(Bottom right) AA7085 exit. 
 
8.6 Validation of residual stress using laboratory X-ray diffraction 
The cold expansion process yields a relatively well defined residual stress distribution in the 
vicinity of a hole and it has been shown that small changes in the thermoelastic response can 
be identified in the regions where residual stress is expected. However, the extent of the 
residual stress in the neighbourhood of the holes is unknown. Therefore laboratory X-ray 
diffraction (XRD) has been used to quantify the residual stress field around the cold 159 
 
 
expanded holes. The purpose of this validation is three-fold. Firstly, to verify that cold 
expansion has taken place and to compare the residual stress profile across the hole to that 
expected from Figure 8.2. Secondly, to investigate the uniformity of the residual stress 
distribution around the hole and compare with the TSA results in Figure 8.12. Finally, 
obtaining quantitative values of residual stress will enable it to be accounted for in a 
theoretical evaluation of the thermoelastic response and hence permit a validation of the 
experimental results. 
 
Residual stress measurements were taken at various locations around the 4% cold expanded 
holes in both aluminium alloys, and on both the exit and entry faces of each plate. 
Measurement points included a horizontal line through the centre of the hole, at distances of 
1 mm, 3 mm, 6 mm, 10 mm and 15 mm from the hole edge, enabling comparison of the 
distribution with that in Figure 8.2. Further measurements were taken radially around the 
hole at intervals of 30º at a distance of 3 mm from the hole edge to observe the uniformity of 
the residual stress profile and assess the success of the cold expansion procedure. The 
residual stress was also measured around the locality of split in the split sleeve, where a 
slightly different level of residual stress would be expected. The plate was orientated such 
that the rolling direction was aligned with the y-axis, and the location of the split was located 
at the bottom of the hole (i.e. a negative y-direction). A schematic showing the locations of 
each data point is shown in Figure 8.13.  
 
 
Figure 8.13  Location of data points for laboratory X-ray diffraction measurements. 
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The residual stress measurements were obtained using a Proto L-XRD machine and a 
chromium K-alpha radiation source with a wavelength of 2.29 angstroms. The elastic 
constants were: ½ s2 = 19.54 x 10
-6 Pa
-1 and s1 = -5.11 x 10
-6 Pa
-1, the reflection plane was 
{311} and the nominal Bragg angle was 139º. The density of aluminium was taken as 2780 
kg m
-3  and the useful penetration depth of the measurements is estimated to be 
approximately 25 μm. Data was obtained for two orientations at each point, Φ = 0º and Φ = 
90º (i.e. in the x and y directions). 
 
8.6.1 Results and discussion 
The tangential residual stress profile for the entry and exit sides of the AA2024 and AA7085 
plates containing 4% cold expanded holes is shown in Figures 8.14 and 8.15 respectively. 
The radial residual stress is shown in Figures 8.16 and 8.17. For ease of presentation, the 
location of the data points in the figures is given relative to the edge of the hole, and not the 
centre of the hole. It can be seen that there is good symmetry in terms of the residual stress 
profile either side of the hole, and also that the distribution in similar to that which would be 
expected from Figure 8.2. In addition, a difference in magnitude between the entry (E) and 
exit (X) faces can also be seen. The level of residual stress around the circumference of the 
hole was consistent, with a slight increase in the region coinciding with the location of the 
split in the sleeve.  
 
From the distribution of residual stress shown in Figures (8.14 to 8.17) it can be concluded 
that the cold expansion process was successful and they confirm that large amounts of 
compressive residual stress is present immediately adjacent to the hole, which reduces with 
distance away from the hole edge. It can also be concluded that the differences in shape and 
magnitude between the data sets shown in Figure 8.12 are not caused by inaccuracies from 
cold expansion. Unusually, the maximum residual stress is consistently larger on the entry 
side of the plates for both materials. This is contrary to expectations and the cause of this is 
unknown. It may be that the prior effect of cold rolling has changed the resultant residual 
stress after cold expansion, or quite simply that the plates were incorrectly marked during the 
manufacturing process. While this is inconvenient, the actual orientation of the plates is 
largely irrelevant for this work. The same notations have been used from the outset for both 
the TSA and X-ray diffraction procedures and therefore it is known which diffraction 
measurements relate to which TSA measurements. The purpose was to quantify the residual 
stress that was present on each side of the plate for input into the fundamental equations and 
facilitate a comparison with TSA data; this has been achieved and comparison of theoretical 
and experimental data is now possible. 
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Figure 8.14  Tangential residual stress along horizontal line through centre of hole for AA2024. 
 
 
Figure 8.15  Tangential residual stress along horizontal line through centre of hole for AA7085. 
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Figure 8.16  Radial residual stress along horizontal line through centre of hole for AA2024. 
 
 
Figure 8.17  Radial residual stress along horizontal line through centre of hole for AA7085. 
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8.7 Comparison with theoretical predictions 
Experimental values for the temperature change occurring on the surface of a cyclically 
loaded flat plate containing a central hole have been obtained using TSA. Furthermore, small 
variations in the temperature change have been detected due to the presence of residual stress 
following cold expansion, and these changes have been attributed to either an additional 
contribution to the mean stress, or the effect of plastic deformation modifying the coefficient 
of linear thermal expansion. It is important to understand which mechanism, if any, is 
dominant in order to establish the potential applicability of a TSA based approach to residual 
stress assessment to certain materials and loading scenarios. To investigate the cause further, 
it is useful to compare the experimental results to those  obtained from a theoretical 
prediction of the thermoelastic response. The following steps were outlined to achieve this 
process: 
 
1.  Ascertain the suitability of Equations (3.2), (3.3) and (4.2) to this problem, and 
identify any assumptions that can be made to simplify the problem. 
 
2.  Use previously established theoretical predictions to model the stress 
distribution around a hole in a uniaxially loaded plate, and apply an 
experimentally derived correction factor to account for the finite dimensions of 
the component. Validate the corrected solution using experimental stress data 
from the reference specimen. 
 
3.  Using data obtained in Section 8.4, assess the theoretical change in 
thermoelastic response due to plastic deformation and the change in coefficient 
of linear thermal expansion, α. 
 
4.  Using data obtained in Section 8.6, assess the theoretical change in 
thermoelastic response due to the additional contribution of the residual stress 
measured using X-ray diffraction. 
 
5.  Compare the experimental and theoretical data  for the temperature change 
around a 0% and 4% cold expanded hole, and identify which effect dominates 
the change in thermoelastic response due to residual stress. 
 
Completion of these steps will provide sufficient information to assess the feasibility of TSA 
being used within the field of residual stress, and potentially highlight areas that warrant 
further investigation. 164 
 
 
8.7.1 Stress distribution around the hole 
An analytical solution for the stress distribution around a hole in a uniaxially loaded infinite 
plate under plane stress is readily obtained from literature [118]. Figure 8.18 shows a 
schematic of the problem and Equations (8.1) describe the relevant stresses.  
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(8.1) 
Figure 8.18  Stress components around a hole under tensile load in an infinite thin element. [118] 
 
Using Equation (8.1), it can be shown that the maximum stress occurs at the hole edge, 
where r = a, and σr = 0, σθ = σa (1 – 2cos2θ) and τrθ = 0. At the location above or below the 
hole where θ = π or 2π, the stress concentration factor is -1 since σθ = -1σa; similarly, at θ = 
π/2 or 3π/2, i.e. either side of the hole, the stress concentration factor is 3 since σθ = 3σa. 
However, the analytical solution exists only for an infinite thin plate, and therefore a 
correction must be made to account for the finite dimensions of the plate used in this work.  
Using data from [115, 119, 120]  a correction has been applied that reduces the stress 
concentration factor at the hole from 3 for an infinite plate subject to plane stress, to 2.72 for 
the finite dimension plates used in this work. This accounts for the hole diameter to plate 
width ratio, and the thickness to hole diameter ratio. It should be noted that the plate is too 
thick relative to the hole diameter to allow plane stress conditions to be assumed, but too thin 
to allow plane strain assumptions, and thus the modification that accounts for the finite 
dimensions of the plate is based on empirical data and is not perfect. Along horizontal and 
vertical lines through the centre of the hole, the shear stress τrθ is zero, and therefore σr and σθ 
are equal to the principal stresses σ11  and  σ22  along these lines, where σ11  is the stress 
component aligned with the loading direction. This is useful since TSA provides the sum of 
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the principal stresses on the specimen surface to be calculated. Thus the experimental data 
from the reference specimen (0% plate) can now be compared to the theoretical stress 
distribution to enable the suitability of the correction factor to be considered. 
 
Figure 8.19 shows a comparison of the theoretical and experimental stress distribution along 
a horizontal line (as indicated by the red line in Figure 8.18) extending 30 mm from the hole 
edge in the plate with a hole that has not been cold expanded. The theory has been calculated 
using the known applied stress; results for both the corrected and original analytical solution 
are shown. The experimental data obtained using TSA is also shown. The experimental data 
correlates well with the modified theoretical distribution and the correction factor is 
therefore considered acceptable in the comparison of further experimental data.  
 
From Figure 8.19 it can be deduced that although the plate is loaded uniaxially and there is 
no shear stress along the horizontal line through the hole, the system is not uniaxial since 
there is a significant contribution from σ22 near the hole. This may seem obvious, but the 
ramifications are such that Equation (3.3) cannot be simplified and must be used in full when 
estimating the theoretical temperature change (i.e. Equation (4.2) is not valid). 
 
 
Figure 8.19  Comparison of experimental (TSA) and theoretical (analytical) stress distributions. 
 
It has been shown that both the mean stress effect and the effect of plastic deformation on K, 
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assess the magnitude of the changes in ∆T that could be expected from either a change in 
mean stress, or a change in α. From such a study the dominant effect can be identified, and 
experimental TSA data from the 4% cold expanded holes can be used for comparison. 
 
8.7.2 Effect of changing α 
For an AA2024 specimen aligned at 0º to the rolling direction containing 4% plastic strain, a 
2% increase in KP was measured. Assuming that density and specific heat remain constant, 
this change in KP represents a 2% increase in α. Figure 8.20 shows the theoretical ∆T around 
the hole based on Equation (3.3), for α 0, α 4, and α – 4, where the subscript denotes the amount 
of plastic strain for each value of α. The effect of residual stress on the mean stress has been 
neglected for this instance. In Chapter 7 it was found that the decrease in α for compressive 
strain in stainless steel specimens was slightly larger than for tensile strain. Since it was not 
possibly to verify this for aluminium due to limitations in the available material, it was 
decided that the decrease in α used to model the effect of -4% plastic strain should be 
defined as having the same magnitude as the increase for +4% plastic strain. The modified α 
is only applied to the region effect by plastic deformation and is estimated as being between 
0 mm and 8 mm from the hole; this approximation was based on the analysis of the 
thermoelastic and X-ray diffraction data. 
 
 
Figure. 8.20  Theoretical change in ∆T due to a change in α compared with experimental TSA data. 
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Figure 8.20 also shows the experimental data around the 4% cold expanded hole on the entry 
side of the AA2024 plate. It is clear that such a small change in α does not account for the 
decrease in ∆T measured close to the hole. Using Equation (3.3) it is estimated that a 9% 
change  in  α  would  be  required  to  cause  a  decrease  in  ∆T  that is equal to that change 
measured experimentally. Although this change is not dissimilar to that measured in the 45º 
AA2024 specimen, evidence suggests that the variation in thermoelastic response is not 
dominated by the change in α, and therefore the effect of mean stress requires investigation. 
 
8.7.3 Effect of changing mean stress 
The effective mean stress applied to the plates is a combination of the mean applied stress 
and the residual stress, i.e. σm = σapp + σres. Therefore the mean stress terms, σkk, σ11 and σ22, 
have been modified to include both the applied mean stress based on the applied loading 
conditions, and the residual stresses obtained from X-ray diffraction. Since the contribution 
to residual stress due to cold rolling should be uniform for all plates, only the additional 
residual stress due to cold expansion has been considered in the analysis of changes in mean 
stress. Equation (3.3) is used to obtain theoretical values of ∆T  for the case without 
expansion (0%) and for the case with expansion (4%). A third line of data is shown that 
accounts for the combined change in ∆T due to the additional residual stress measured from 
XRD and the change in α from plastic deformation.  
 
The results are plotted in Figure 8.21, along with experimental TSA data from the 0% and 
4% cold expanded holes for AA2024, entry side. The experimental TSA data around the 4% 
and 0% holes on the exit side of the AA2024 plate is shown in Figure 8.22 and for both the 
entry and exit sides of the AA7085 plates in Figures 8.23 and 8.24. These yield similar stress 
and temperature distributions to Figure 8.21. However, there was discrepancy between the 
theoretical and experimental ∆T for the AA2024 exit side of the 0% plate (Figure 8.22). This 
was corrected for by modifying the input stress data from the corrected analytical solution, 
so that ∆T  in the region of uniform stress in the far field (0.05 m) was similar to the 
experimental response in the corresponding area. Hence it can be seen that the 0% theory 
values are lower in Figure 8.22  (AA2024 exit) than in Figure 8.21  (AA2024 entry). 
Notwithstanding the small shift in the data in Figure 8.22, the same trends are visible in all 
the plots with a clearly discernable difference between the data with and without the residual 
stress.  
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Figure 8.21  Theoretical change in ∆T including residual stress contribution, and comparison with 
experimental ∆T data (AA2024 Entry). 
 
 
 
Figure 8.22  Theoretical change in ∆T including residual stress contribution, and comparison with 
experimental ∆T data (AA2024 Exit). 
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Figure 8.23  Theoretical change in ∆T including residual stress contribution, and comparison with 
experimental ∆T data (AA7085 Entry). 
 
 
 
Figure 8.24  Theoretical change in ∆T including residual stress contribution, and comparison with 
experimental ∆T data (AA7085 Exit). 
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When the residual stress is included in the theoretical equations, then a reasonable fit is 
found with the experimental data for the 4% cold expanded hole (i.e. the specimen with 
additional residual stress). When it is not included, a reasonable fit is seen with the 
experimental data for the 0% cold expanded hole (i.e. the specimen without residual stress). 
It is interesting to note that the departures between the response for 0% and 4% become 
significantly smaller at approximately 8 mm, which correlates with the estimated areas of 
effect for both α and residual stress. When both the residual stress and a changing α are 
incorporated into Equation (3.3), a good comparison between experimental and theoretical 
work can be made. However, due to the assumptions made with regards to the value of α, it 
is difficult to conclude which solution is most appropriate. Additionally, it can be seen that 
the effect of  a large change in mean stress (i.e. the difference between the theoretical 
response for 0% and 4%) is greater than the effect of a change in α (difference between 
theoretical 4% and 4% + α). This would suggest that the change in ∆T due to residual stress 
is dominated by the mean stress effect as opposed to a change in α for AA2024 and AA7085. 
However, this assertion is based on results using an assumed change in α (for -4% strain), 
and thus such a tendency is not necessarily the same for all materials.  
 
It is encouraging that small variations in the thermoelastic response associated with residual 
stress have been identified from the neighbourhood of cold expanded holes. The residual 
stress field measured using X-ray diffraction has enabled theoretical predictions of ∆T that 
show good agreement with experimental results. However, the implication that the change in 
∆T is dominated by the mean stress effect is significant. Since realistic components are likely 
to have multi-axial residual stress fields, as well as experiencing multi-axial loading 
scenarios, it is unlikely that any quantifiable components of residual stress could be 
calculated from a measured change in ∆T alone, due to the stress coupling in Equation (3.3). 
However, it has been shown that when a known residual stress is included in a basic model, 
experimental TSA data correlates well with the theoretical temperature change. Thus, 
situations may arise where an elastic finite element model of the component may provide 
sufficient stress information to enable the components of residual stress to be estimated from 
Equation (3.3). It has been shown that if high residual stress exists, there is potential to 
measure a change in thermoelastic response, and subsequently identify the affected areas 
providing  a reference specimen containing zero residual stress is available and the 
experimental conditions are carefully maintained. It is useful to consider what materials may 
be suitable for such an investigation. 
 
Table 8.5 highlights the approximate change in ∆T that could be expected from a large 
change mean stress for a number of different materials. The approximate values in Table 8.5 171 
 
 
are obtained from literature [96, 121] and the mechanical testing described in this thesis. For 
the purpose of this analysis the mean stress (acting as a simulation of a tensile residual 
stress) has been assumed to be half of the yield strength. In TSA, the elastic limit must not be 
exceeded and therefore the applied stress has been defined as marginally lower than σy/2, so 
as to generate the maximum thermoelastic response while maintaining tension-tension cyclic 
loading within the elastic region. The values of ∆T were calculated using Equation (3.2) and 
neglect any influence of σm. The values of ∆Tm were calculated using Equation (4.2) and 
include the effect of σm. The absolute temperature, T0, was defined as 296 K and used 
throughout.  
 
The magnitudes of ∆T and ∆Tm are dictated by the value of σa, such that a smaller applied 
stress would result in a smaller ∆T but the same % increase for a given σm. It is the value of 
σm that influences the % change in ∆T; a larger σm would result in a larger % increase from 
∆T to ∆Tm. The quantity of ∆Tm/∆T yields an indication of the influence of the mean stress 
(and thus the change that could be expected due to residual stress) for each material. 
 
Table 8.5  Material applicability to residual stress assessment by analysis of the mean stress effect. 
Material 
T
E
∂
∂
 
E  α  y σ
  m σ   a σ   K  T Δ   m T Δ   T
Tm
Δ
Δ
 
  x10
6  x10
9  x10
-6  x10
6  x10
6  x10
6  x10
-12  -  -  % 
316L  -85  193  16.0  250  125  120  4.6  0.163  0.166  1.8 
AA2024  -53  74.8  23.2  350  175  170  9.8  0.493  0.528  7.1 
AA7085  -48  69.2  23.0  490  245  240  9.4
  0.667  0.738  10.6 
4340 steel  -57  210  12.3  300  150  145  3.3  0.142  0.144  1.5 
Ti-6Al-4V  -62  120  8.6  430  215  210  3.7  0.230  0.254  10.4 
 
In the aluminium and titanium alloys it is encouraging that a large % increase in ∆T is 
predicted. However, from a practical standpoint it should be noted that a smaller σm would 
result in a smaller % change in ∆T. There are also limitations with regards to the maximum 
σm, since an applied cyclic load of sufficient magnitude is required to generate the 
temperature change while the ensuring the combined stress does not exceed the elastic limit. 
Nevertheless, it has been shown from the investigation of cold expanded holes that the effect 
of residual stress in aluminium alloy can be identified from changes in the thermoelastic 
response. For steel and stainless steel, the mean stress effect and thus the change in ∆T is 
much smaller, such that it can be deduced from Table 8.5 that a mean stress based 
methodology for examining residual stresses in these materials is impractical due to the 
small magnitude of the associated changes.  172 
 
 
 
8.8 Summary and conclusions 
Several previous studies have investigated residual stresses using TSA, but no successful 
approach for assessing residual stress has been established thus far. It was known that the 
presence of residual stress may influence the mean stress, providing an additional component 
of the thermoelastic signal. It was also shown that the application of plastic strain can modify 
the thermoelastic constant for some materials, resulting in a change in thermoelastic 
response. The well defined residual stress distribution around cold expanded holes presented 
an opportunity to investigate changes in thermoelastic response that occur as a result of 
residual stress, and assess the feasibility of using TSA as a potential residual stress 
assessment tool. Differences in the thermoelastic response were observed from around cold 
expanded holes in regions that would be expected to contain residual stress, and a 
rudimentary noise filter applied to identify areas where significant departures in 
thermoelastic response were measured.  
 
Experimental work using tensile specimens revealed that plastic deformation did affect the 
thermoelastic constant for both materials, confirming that deformation experienced during 
cold expansion may cause changes in thermoelastic response around the holes. In addition, 
experimental work showed that the thermoelastic response of both materials was sensitive to 
the mean stress. The purpose of cold expansion is to create compressive residual stress 
around the hole, thus the 4% hole contained residual stress from cold expansion and had 
experienced plastic deformation. In comparison, the 0% hole did not contain residual stress 
from cold expansion and had not experienced any plastic deformation. Therefore there was 
the possibility that the change in response was due to the mean stress, the effect of plastic 
deformation, or a combination of the two. 
 
Small but measurable differences in the thermoelastic response from areas that were known 
to contain different levels of residual stress were detected, and have been attributed to the 
increase in mean stress in those areas. The effect of α  was noted, but the dominating 
contribution to the change in thermoelastic response appeared to be due to the mean stress 
effect in these materials. The ramifications suggest that it would be difficult to obtain any 
quantifiable residual stress information based on a measured change in thermoelastic 
response in a component with a non-uniform stress field. This questions the potential for 
TSA to be used for measuring residual stress, but does not completely rule out its use. 
Further work is required to develop procedures that could possibly relate these changes the 
in thermoelastic response to residual stress.  
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At present, TSA may suffer in comparison to other techniques since it is not be able to 
quantify residual stress, and it is also the case that TSA is sensitive to experimental 
conditions, but if the approach could be improved it may provide a means of identifying 
areas that contain residual stress that would be quicker than some of the currently available 
non-destructive techniques.  Considering the magnitude of the temperature changes of 
interest and the difficulty associated with measuring them, it is evident that TSA will not 
provide an immediate solution for a robust and portable means of residual stress 
measurement. However, the fact that measurable differences were obtained in areas where 
residual stress existed suggests there is still potential for TSA in the field of residual stress, 
albeit qualitatively. Furthermore, if the temperature resolution of infra-red detectors were to 
improve further, there may be opportunities for using TSA in conjunction with other 
techniques, and thus may provide an opportunity to enhance the current state of the art in 
residual stress assessment. 
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Chapter 9 
 
Conclusions and Future Work 
 
9.1 Introduction 
The primary aim of this thesis was to assess the feasibility of using TSA as a tool for the 
assessment of residual stress. This has included: a review of the previous work and 
identification of potential the routes for deriving residual stress using TSA, an investigation 
of primary issues involved with such measurements, and finally, examination of a typical 
engineering component containing realistic levels of residual stress. The work undertaken 
can be divided into four main topics as follows: 
 
1.  The effects and sensitivity of the paint coating for thermoelastic measurements, 
2.  The evaluation of suitable conditions for residual stress related TSA measurements, 
3.  The effect of plastic deformation on the thermoelastic constant, 
4.  Investigation of residual stresses around cold expanded holes using TSA. 
 
A brief summary followed by the appropriate conclusions for each topic are detailed in the 
subsequent sections. A vision for the future of TSA within the field of residual stress 
assessment is discussed and some recommendations for future work are provided. 
 
9.2 Paint coating sensitivity for thermoelastic measurements 
An investigation was undertaken to establish suitable coating characteristics, and included 
the analysis of different paint types, paint thicknesses and the effects of loading frequency on 
the thermoelastic response. Several substrate materials were investigated, including steel 
(AISI 1016), stainless steel (316L) and aluminium alloy  (AA2024). The experimental 
thermoelastic response for steel was also compared with a theoretical model of the coating 
response, providing some validation of the results and highlighting the significance of the 
coating effects observed. Optimum coating conditions were outlined and a coating procedure 
developed. The following conclusions were made and are of relevance to all practitioners of 
TSA: 176 
 
 
 
•  The operator dependent and inconsistent nature of applying a paint coating using 
aerosol spraying may cause considerable errors in thermoelastic measurements. 
However, this method can produce a suitable coating, provided the correct paint 
thickness is attained. 
 
•  A wide range of paint types were investigated, each with different characteristics. 
‘RS matt black’ was determined to be the most suitable of those examined and is a 
carbon based matt black paint. Coatings from other manufacturers may also be 
appropriate, but if used, a similar study is recommended to determine its sensitivity 
to paint thickness and loading frequency.  
 
•  Paint thickness was shown to have a significant effect on the thermoelastic response, 
and the phenomena of thermal lag and thermal drag-down were clearly evident. The 
ideal paint thickness was shown to be between 15 μm and 25 μm for typical TSA 
loading conditions. 
 
•  Assuming the correct paint thickness has been achieved, recommended cyclic 
loading frequencies of between 5 Hz and 15 Hz should be used if very high accuracy 
is required. For standard TSA applications, the loading frequency could be increased 
to approximately 25 Hz without any significant attenuation of the thermoelastic 
response. Higher or lower loading frequencies may be used but are shown to be 
more sensitive to coating thickness.  
 
•  As a guideline, applying between 2 to 3 passes attained the appropriate thickness; 
however, this is dependent on the operator’s skill, consistency and interpretation. It 
is essential that the coating thickness is quantified,  by measuring with a paint 
thickness gauge for example. The method or technique used is largely unimportant, 
providing the original surface is free of contaminants and a uniform paint thickness 
is achieved. If the loading conditions permit, variation of the response with loading 
frequency can be analysed to give an indication of the suitability of the coating 
thickness. 
 
These recommendations are appropriate for steel, stainless steel and aluminium but are 
expected to be applicable for standard TSA on most metallic materials. For other materials, 
or if particular effects are of interest, a similar study of paint thickness and loading frequency 177 
 
 
should be carried out for the coating/substrate combination under investigation. It has been 
shown that large reductions in the thermoelastic response can occur if the surface coating is 
inadequate. Therefore it is a relevant and important factor to consider by any practitioner of 
TSA. 
 
9.3 Establishing suitable conditions for TSA based residual stress assessment 
Due to the small measurement of interest and the comparative resolution of the detector, 
small errors that may have been tolerated in standard TSA could not be disregarded in this 
work. The possible sources of experimental error were investigated, and included: the test 
machine setup, applied loading conditions, non-uniform background radiation, and the 
effects of background temperature. In addition, the infra-red detector settings were examined 
and suitable conditions for further experimental work were defined. It was demonstrated 
that: 
 
•  Background radiation may influence the recorded data, and therefore steps should be 
taken to ensure the specimen or component under investigation is surrounded by a 
uniform level of background radiation. 
 
•  For relatively large variations in background temperature (i.e. 5 ºC) a difference in 
∆T of several mK was noted. This is not significant for standard TSA. However, 
when small changes in thermoelastic response are of interest, it is important that data 
is recorded in a temperature controlled environment where possible. In addition, for 
certain applications care must be taken when comparing thermoelastic data recorded 
under different environmental conditions (i.e. on different days). 
  
•  The use of different detector settings (frame rate, integration time, non-uniformity 
correction, number of images, etc) may cause very small changes in the recorded 
data. In investigations where high accuracy is required and multiple data sets are 
compared, data should be obtained using the same detector settings to eliminate 
these effects. 
 
9.4 Plastic deformation and the thermoelastic constant 
The effect of plastic deformation on the thermoelastic response was investigated in stainless 
steel and aluminium tensile specimens. Simple tensile dog-bone type specimens that had 
experienced different levels of plastic strain were uniaxially loaded in tension and the 
thermoelastic constant was compared to highlight any changes. The purpose of this study 178 
 
 
was to confirm the findings of previous work and investigate if an unknown amount plastic 
strain can be inferred from a measured change in thermoelastic constant. A novel loading 
mechanism was designed and during the investigation several factors that had not previously 
been considered were examined. These included: material directionality, compressive strain 
and the materials ability to strain harden. The following was concluded: 
 
•  An increase in thermoelastic constant can be measured with increasing plastic strain 
for stainless steel (316L) and aluminium (AA2024-T351 and AA7085-T7651) 
tensile specimens. 
 
•  The presence of material directionality can have a comparatively large effect on the 
change in thermoelastic constant, and therefore knowledge of the material anisotropy 
would be required to enable an estimation of plastic strain based on a measured 
change in K. 
 
•  Although it was previously postulated that a material’s ability to strain harden 
influences the magnitude of the change in K due to plastic strain, the results were 
inconclusive in this regard. 
 
•  The application of compressive plastic strain resulted in a decrease in thermoelastic 
constant K for stainless steel 316L. This is in agreement with expectations based on 
the stress dependence of α. 
 
•  The ability to measure the change in K over a large range of plastic strain shows it 
may be feasible for an estimation of the plastic strain experienced by a component 
providing a reference specimen is available and any material directionality is known. 
However, practical application of the approach is limited to some extent by the 
magnitude of the change, the temperature resolution of the detector and the resulting 
difficulty in accurately estimating the plastic strain from such a measurement. 
 
9.5 Investigation of residual stresses around cold expanded holes 
The feasibility of using a TSA based approach for residual stress assessment on a realistic 
component was examined. The component under inspection was a cold expanded hole in 
aluminium plate; two aerospace grade alloys were investigated. A comparison was made 
between identical specimens containing a hole that had, and had not,  undergone cold 
expansion to identify regions with a different thermoelastic response. Comparisons between 179 
 
 
the experimental and theoretical thermoelastic response allowed the feasibility of using TSA 
to assess residual stresses to be determined. The theoretical temperature change around the 
hole  was  obtained by combining the fundamental equations of thermoelasticity with  an 
analytical solution of the stresses around a hole in flat plate (corrected for finite dimensions). 
The mechanical and thermoelastic properties of the materials were obtained through 
mechanical testing and incorporated in the model. The residual stresses around the cold 
expanded holes were quantified using laboratory X-ray diffraction and were also included in 
the model. From this study it was demonstrated that: 
 
•  The material under inspection was sensitive to the mean stress effect; thus the 
presence of residual stress around the cold expanded hole may modify the 
thermoelastic response. A change in thermoelastic constant due to plastic strain was 
also measured in the material, and therefore may contribute to additional changes in 
the thermoelastic response.  
 
•  Differences in the thermoelastic response from around the cold expanded hole (4%) 
and the reference hole (0%) could be identified  in the region of interest. These 
variations were attributed to the presence of residual stress. 
 
•  Good agreement between the experimental and theoretical temperature change 
(along a horizontal line across the hole) was achieved for the 4% plate when the 
residual stress obtained from X-ray diffraction was included.  When the residual 
stress was not accounted for, the theoretical temperature change correlated well with 
the experimental data from the 0% plate. 
 
•  The change in thermoelastic response due to residual stress was dominated by the 
mean stress effect. This implies that quantification of residual stress based on a 
change in thermoelastic response would be difficult for a general component as the 
mean stresses (which includes a contribution from residual stress) and cyclic stresses 
are coupled. 
 
The work described has demonstrated that TSA may have potential to identify areas affected 
by residual stress. Success has been achieved in measuring changes in the thermoelastic 
response that can be related to the presence of residual stress. It is unlikely that TSA could 
provide enough information to quantify the residual stress field, due to the stress coupling in 
the thermoelastic theory and the very small component of the temperature change that can be 180 
 
 
associated with residual stress. However, if the temperature resolution of infra-red detectors 
were to improve further, it may be possible to combine TSA with other techniques to provide 
a new means of residual stress assessment. 
 
9.6 Future work 
The outcomes of the work conducted in this thesis highlight a number of areas worthy of 
further investigation, which may lead to novel application of TSA within a residual stress 
environment. Whilst it has been concluded that TSA does not currently have the capability of 
quantitatively measuring residual stresses, the results have been encouraging and do not 
completely rule out its future use. Many areas for further investigation are discussed herein. 
 
It has been clearly shown that the presence of residual stress modifies the thermoelastic 
response. The primary difficulty in utilising this phenomenon is the very small magnitude of 
the change in temperature, which is only slightly larger than the noise threshold of the 
detector for typical components. It is the author’s opinion that if an infra-red detector was 
available that was an order of magnitude more accurate, the ability to quantify changes in the 
thermoelastic response relating to residual stress would be much easier, and therefore the 
opportunities for using this additional information much wider. In addition, some of the 
current difficulties such as the comparison of data recorded using different settings or at 
varying temperatures could be reduced. With a more accurate detector, the magnitude of 
these effects could be quantified and there would be potential for corrections to be applied to 
make data sets comparable. 
 
The work described in Chapter 8 examining cold expanded holes in aluminium, indicated 
that the effect of plastic strain on α  was too small to provide a realistic means of 
investigating residual stresses. Differences in the thermoelastic response in the areas 
immediately adjacent to the hole were clearly evident, and were primarily attributed to the 
mean stress effect. Unfortunately, the nature of the equations governing thermoelasticity 
suggest that obtaining residual stresses from a single change in temperature is not possible 
due to the complicated coupling of stress components. However, by measuring the residual 
stress using X-ray diffraction, and incorporating these known stress components into the 
thermoelastic theory, it was possible to obtain good agreement with experimental results. 
This gives confidence that while TSA may not enable residual stresses to be quantified, there 
is the possibility that a methodology could be developed that enables areas containing 
residual stress to be identified. Much like other techniques, this would require a stress free 
sample for comparison, but may yield a useful, albeit qualitative tool for residual stress 181 
 
 
detection. In addition, knowledge of the applied stress distribution in the form of elastic 
models may enable a more informed investigation of the affected areas. 
 
If it is assumed that areas affected by residual stress could be identified, it may be possible to 
use this to monitor the evolution of residual stresses throughout the life of a component by 
conducting the same experiment over a period of time. This is an interesting prospect, 
although it could only be done qualitatively and there are several other caveats to be 
considered. Firstly, it has been shown that experimental setup and changes to the 
environmental conditions can cause variations of the thermoelastic response that are of a 
similar magnitude to those caused by residual stress. This returns to the subject of detector 
accuracy and the need for improvement if comparisons were to be made between 
measurements taken at different times. Secondly, while validation of such an approach 
would require laboratory investigation, monitoring the evolution of residual stress would 
only be of practical use if it could be conducted in industrial environments. TSA requires a 
cyclic load to be applied to generate the temperature change that is then be measured; 
therefore an acceptable means of externally loading or exciting the structure under 
investigation would be necessary. From an industrial perspective, this may provide a 
significant challenge given that a large excitation would probably be required since the 
temperature change relating to residual stress is small. Nevertheless, this is an interesting 
prospect worthy of consideration. 
 
Finally, TSA is a surface technique and therefore could not be used to examine residual 
stresses deep within a component. However there exist many situations where significant 
residual stresses are at or near the surface; examples include residual stresses introduced 
during welding or beneficial compressive residual stresses established during shot peening. 
Components having undergone such processes are often subjected to fatigue loading and 
thus the use of TSA may be applicable to such circumstances given the loading 
requirements.  
 
Clearly the use of TSA within a residual stress context is limited at present, and like many 
other non-destructive techniques it suffers from sensitivity to experimental conditions. If a 
successful approach could be developed, it would be confined to certain materials, to 
residual stresses near the surface and would require some form of excitation. The advantages 
however, are the non-destructive and full-field nature of the approach negating the need for 
point measurement or material removal, and the fact that measurements can be obtained very 
quickly. When carrying out the work described in this thesis, it has become clear that all the 
available methods for residual stress analysis have limitations. If TSA was developed as a 182 
 
 
tool for residual stress assessment, it would be important to consider how it might 
complement the other available techniques, and be combined to provide an enhanced tool for 
residual stress detection. 
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Appendix B 
 
Derivation of TSA equations from Thermodynamic Theory 
 
 
The relationship between mechanical deformation and thermal energy in an elastic solid is 
known as the thermoelastic effect. For a linear elastic homogenous material the rate of 
change of temperature, T  is a function of the applied deformation in the form: 
3 , 2 , 1 ,
0 = −
∂
∂
= j i for
C
Q
T C
T
T ij
ij
ε ε ρ
ε
σ
ρ

   
(A.1) 
 
During TSA, the specimen is cyclically loaded at a sufficient frequency to allow the heat 
transfer,  Q  term to be neglected, hence it can be assumed to be adiabatic. To simplify, we 
must express stresses in term of strains and temperatures to derive 
T
ij
∂
∂σ
. 
 
Stress-strain relationships in terms of Lamé constants can be written: 
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where λ and µ are Lamé constants that are functions of E and ν . 
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The derivations of stress with respect to T, obtained for (A.2) 
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For most engineering materials, the variation of the elastic properties with temperature are 
practically zero at room temperature, and can be neglected: 
. 0 , 0 , 1 →
∂
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→
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∂
→
∂
∴
T T T
T λ µ δ
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Also, since  T δ  will be in the order of millikelvin (x 10
-3),  T T δ β ) / ( ∂ ∂  will be negligible in 
comparison to β , therefore: 
ij
ij
T
βδ
σ
− =
∂
∂
  (A.5) 
 
Substitution of (A.5) into (A.1) with consideration of adiabatic conditions  ) (Q  , gives the rate 
of change of temperature in terms of material properties and applied deformation: 
kk C
T
T ε β
ρ ε
  0 − =   (A.6) 
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Expressing  kk ε   in terms of stress  kk σ   using (A.2) yields: 
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T
T σ
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It is convenient to have the expression as a simple linear function of material properties, 
which can be achieved by expressing  ε C  as a function of  p C as follows: 
) 2 1 (
3 0
2
ν ρ
α
ε −
− =
T E
C C p   (A.8) 
Therefore (A.7) becomes: 
kk
p C
T
T σ
ρ
α
  0 − =   (A.9) 
 
Equation (A.9) directly relates the ‘rate of change of temperature’ to the ‘rate of change of 
stress’.  
 
Integrating over a time period (from initial to final state) provides a linear relationship 
between the change in temperature, ∆T, and the change in the first stress invariant,  kk σ ∆ . 
kk KT T σ ∆ − = ∆ 0   (A.10) 
 
Where  K  is the thermoelastic constant for an isotropic, homogenous material loaded 
elastically under adiabatic conditions: 
p C
K
ρ
α
=   (A.11) 199 
 
 
 
Temperature Dependence of Elastic Properties 
 
The derivation of the basic linear TSA equation is not perfect as K is a function of α that has 
been shown to be stress dependent. 
 
The change in α  with stress (at constant temperature) is related to the change in ε  with 
stress (at constant temperature) in the form: 
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Therefore, if 
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Which shows that α  will be stress dependent for a material whose elastic properties change 
with temperature. 
 
•  This implies that materials with elastic properties that are temperature dependent 
will have a thermoelastic signal that is dependent on the mean stress. 
 
•  The previous proof assumed temperature dependence of elastic properties as a higher 
order effect and that it could be neglected, however this is not always the case. 
 
For some materials, these properties can be strong functions of temperature. Retaining all 
terms in (A.4) and substituting into (A.1) gives: 
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As before,  T T δ β ) / ( ∂ ∂  will be negligible compared to β  and can be neglected, along with 
0 → Q   for adiabatic conditions. In this case however,  ij T
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the temperature dependence of elastic properties is not assumed negligible. Thus (A.14) 
becomes: 
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Equation  (A.15) is the revised version of the thermoelastic equation where the rate of 
temperature change is a function of the stresses and their rate of change. 
 
 
p C is used in (A.15) but  ε C was used by Wong et al [50]. The higher order terms that 
constitute the difference between  ε C and  p C  are neglected for ease of presentation. In most 
metals the difference between  p C  and  ε C is negligible. 
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Appendix C 
 
Paint Thickness Measurements - Steel 
 
The data used in the comparison of experimental and theoretical data was from Specimen 2 
as it showed a more linear increase in paint thickness with increasing number of passes. 
Comparison of the TSA data with respect to the individual paint thicknesses for all 
specimens was consistent. 
 
Specimen 1: 
 
No. of Passes  Thickness (μm) 
1  14.0 
2  21.1 
3  23.9 
4  21.6 
5  25.2 
6  30.1 
 
Specimen 2: 
 
No. of Passes  Thickness (μm) 
1  7.9 
2  12.0 
3  17.2 
4  23.0 
5  30.0 
6  38.8 
 
 
Specimen 3: 
 
No. of Passes  Thickness (μm) 
1  13.6 
2  24.2 
3  29.4 
4  30.3 
5  33.4 
6  39.1 
 
 
Specimen 4: 
 
No. of Passes  Thickness (μm) 
2  20.2 
4  31.7 
6  58.1 
8  73.1 
10  79.4 
12  71.9 
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Appendix D 
 
Coating Procedure for Thermoelastic Stress Analysis (TSA) of 
metallic specimens 
 
This guide is aimed at practitioners of TSA using metallic specimens and details the optimum surface 
coating and the method used to achieve it. Practical effects of the surface coating are briefly discussed 
and the ideal conditions are outlined. It should be noted that the paint coating characteristics are the 
primary importance, and the method used to achieve them is largely insignificant. However, one such 
method has been documented to provide an idea of the specimen preparation that may be required. 
 
Background 
 
Why is a surface a surface coating required? 
There are three main reasons for using a high emissivity coating: firstly, to achieve a consistent 
emissivity on the surface; any variation of surface emissivity across the specimen would cause a 
variation in the temperature change that is not stress related. The second reason is to maximise the 
radiant energy being emitted; since the temperature changes are very small, a high emissivity will 
yield a stronger and more accurate response. Thirdly, a high emissivity coating is used to avoid 
reflected heat radiation; if the surface is too reflective, radiation from external sources may appear to 
be an emission from the specimen surface, although surfaces of high emissivity also have high 
absorption, alleviating this problem. 
 
What is the typical surface coating for TSA? 
TSA requires the surface of the specimen to have a uniformly high emissivity; for many polymers the 
natural surface has a sufficiently high emissivity, however, this is not the case for most other 
materials. Typically, metallic surfaces are coated with a thin layer of matt black paint to enhance the 
thermoelastic signal and standardise the surface emissivity. 
 
What are the problems with an incorrect coating? 
There are two important types of paint coating attenuation that result from incorrect coating 
preparation; these are thermal lag and thermal drag-down: 
 
a)  Thermal lag is caused by the insulating effect of the paint coating. The surface coating 
has a finite heat capacity and is effectively a thermal insulator, therefore its temperature 
lags that of the substrate beneath it. An increase in paint coating thickness will result in a 
smaller ∆T at the paint surface than at the substrate surface. 204 
 
 
b)  Thermal drag-down is a phenomenon relating to both the paint thickness and the loading 
frequency. Since no heat is being generated by the coating, its temperature can only 
change due to the heat transferred to it from the substrate. As the loading frequency 
increases, the spatial wavelength decreases; as a result there is less heat input into the 
coating. In brief, the heat will not flow into the surface coating sufficiently quickly to 
maintain the temperature change for accurate thermoelastic measurements to be 
recorded.  
 
In short, if the coating is too thin, the surface is too reflective and the emissivity is not sufficient to 
obtain accurate results; if the coating is too thick, either a lag occurs or the response is that of the 
coating and not the specimen itself.  
 
How large of the errors associated with incorrect specimen preparation? 
The errors than can be attributed to an unsuitable coating are not insignificant. Figure 1 shows the 
variation in thermoelastic constant for an identical steel specimen with the same applied stress and 
cyclic mean stress. The thermoelastic response is plotted for different thicknesses of paint, and 
cyclically loaded at different frequencies. 
 
Figure 1: Effect of paint thickness on the thermoelastic constant (AISI 1016 Steel) 
 
 
Figure 2: Experimental paint coating response with changing frequency and paint thickness 205 
 
 
 
After 1 pass of paint, the coating is considered opacity limited, where the surface emissivity is that of 
the combined surface and paint coating, resulting in a reduced thermoelastic response, i.e. the surface 
is too reflective due to a thin coating. The coating appears to act as a high emissivity coating at a 
thickness of 2 to 3 passes, at low loading frequencies (5 to 20 Hz), i.e. correlated well with the 
expected response, the coating is acting as desired. The response enters the coating diagnostic region 
as the frequency and paint thickness are increased, marked by a significant reduction in the 
thermoelastic response, i.e. thermal drag-down. Since the thermoelastic response, and thus 
thermoelastic constant should be independent of loading frequency given adiabatic conditions, it can 
be concluded that the variation of thermoelastic response is purely an attenuation effect of the coating. 
As an example, if the surface coating was twice as thick as is optimum, and a cyclic loading frequency 
of 30 Hz was employed, the recorded thermoelastic signal and thus the calculated stresses would be 
more 10% lower. 
 
What are the optimum coating characteristics? 
A full study was undertaken to identify a suitable paint type and to ascertain the optimum paint 
thickness and cyclic loading conditions for TSA. Tests were completed on steel, stainless steel and 
aluminium specimens. The following conclusions were made: 
 
5.  RS matt black paint is a suitable coating for thermoelastic stress analysis of metallic 
materials.  
 
6.  A cyclic loading frequency of between 5 and 15 Hz should be used where possible but should 
be balanced with the requirement of achieving adiabatic conditions in the specimen. With 
‘two passes’ of paint the loading frequency can be increased to approximately 25 Hz, without 
any significant attenuation of the response for standard applications of TSA 
 
7.  Acceptable paint thickness for thermoelastic measurements range from between 2 to 3 
passes, but this is still qualitative and operator dependent. More importantly, it is necessary 
that this coating correlates to a thickness of between 15 µm and 25µm.  
 
Full details can be found in the publication: Paint coating characterization for thermoelastic stress 
analysis of metallic materials, Robinson, A.F., Dulieu-Barton, J.M., Quinn, S. and Burguete, R.L. 
(2010) Paint coating characterization for thermoelastic stress analysis of metallic materials. 
Measurement Science and Technology, 21, (8), 085502-[12pp]. (doi:10.1088/0957-0233/21/8/085502) 
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Coating Procedure 
 
NOTE:  The following coating procedure outlines one method used to obtain the correct coating 
conditions for TSA. It should be noted that the process is very operator dependent, and the method 
itself is not of importance provided an appropriate coating is used and the correct thickness is attained.  
 
Several straightforward means of checking the coating thickness are also documented; it is 
recommended that a frequency check on the coating is always carried out where possible. 
 
Specimen and Coating Preparation 
•  Identify the area of the specimen that requires coating, and ensure there are no scratches or 
manufacturing marks (unless they are a feature of interest). 
•  Use a degreasing or cleaning agent (e.g. acetone) to remove all traces of grease, dirt, paint, 
dust, etc from the surface of the area of interest. 
•  Aerosol sprays can be dangerous and harmful; ensure there is appropriate ventilation and that 
normal health and safety precautions have been made. 
•  Obtaining a constant flow of paint is important; shake the can well, following the 
manufacturer’s recommended guidelines. 
•  Prepare a large working area (ventilation, workspace, paper, etc) 
 
Spraying Process 
•  Place the specimen flat on the floor, or at an angle against a wall or object (It is important 
that the operator is in a comfortable and controlled position) 
•  Position the can at a height of 30 cm above the plane of the specimen and away from the 
specimen  
o  If available, a spray can attachment can be added to aid control and reduce dripping 
o  Always start and stop the spraying away from the specimen 
o  Always move the can over the area in one solid motion 
o  Aligning the can in the direction of travel ensures the nozzle and thus paint flow, is 
directed at the specimen at all times 
•  Fully depress the button, ensure a constant flow of paint and move the can at approximately 1 
m/s across the specimen. 
•  Cover the specimen after spraying to prevent dust settling on the surface whilst drying 
•  Once dry, apply further passes until the correct thickness is achieved 
 
NOTE: depending on the specimen size and shape, it may be necessary to modify the procedure to 
ensure a uniform coating thickness, and prevent striping of the surface. Figure 3 describes two 
possible scenarios. 
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Coating Check 
•  The opacity of the coating can be checked using your infra-red detector if it has a real time 
display 
o  Hold the specimen in front of the detector at a distance approximately equal to your 
test distance 
o  Ensure the image is in focus and tilt the specimen gradually from side to side. 
o  If the coating is not thick enough, a change may be visible on the surface of the 
specimen due to the reflection of the detector. 
•  The thickness of the coating can be measured using a coating thickness gauge 
o  The author has used a CMI153 thickness gauge; it is capable of measuring 
thicknesses from 1 µm to 2040 µm and is accurate to ±2 µm for ferrous and non-
ferrous substrates. 
o  The gauge is sufficiently accurate to ascertain whether the paint thickness is within 
the required tolerances. 
•  The behaviour and suitability of the coating can be checked with a basic cyclic test. 
o  The thermoelastic response should be frequency independent, and any variation of 
the thermoelastic response due to loading frequency must be a result of non-
adiabatic conditions. 
o  These conditions are either caused by external heat sources (which should have been 
removed already), or due to non-adiabatic effects of the paint coating. i.e. the 
coating is too thick, or the loading frequency is too slow or too fast. 
o  To check the conditions, test the specimen under the same load (applied and mean 
stress) over a range of frequencies (e.g. 5 Hz, 7.5 Hz, 10 Hz, 12.5 Hz, 15 Hz, etc) 
o  The thermoelastic response should NOT change with frequency.  
o  If the variation is none or small (e.g. experimental noise), the coating is appropriate 
for TSA 
o  If the variation is large (see Figure 1) the coating should be reapplied from the 
beginning 
 
Figure 3: Spraying procedure depending on specimen shape and size 208 
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Appendix E 
 
Parametric Study – Test Plan 
The following variables and parameters were examined: 
  Parameter  Variable 1  Variable 2  Variable 3 
NUC  Non-uniformity correction   NUC #1 (20*)  NUC #2 (20*)  NUC #3 (40*) 
IT  Integration time  1300 µs  1800 µs  800 µs 
FR  Frame rate  131 Hz  257 Hz  383 Hz 
IM  Number of images  400  800  1050 
BG  Background radiation  Normal background  Uniform background  - 
BT 
Camera and background  
temperature** 
Morning ≈ 22 ºC  Mid-day ≈ 23.5 ºC  Afternoon ≈ 25 ºC 
*Number of images takes to perform NUC, **Temperatures quoted are that of the background 
 
The following test plan was repeated three times (morning, mid-day and afternoon):  
Test  BT  NUC  IT  FR  IM  BG    Test  BT  NUC  IT  FR  IM  BG 
1  Morning  NUC #1  1300  383  1050  No    37  Morning  NUC #1  1800  383  1050  No 
2 
       
800  No    38      1800  383  800  Yes 
3 
       
400  No    39          400  Yes 
4 
   
1300  383  1050  Yes    40          1050  Yes 
5 
       
800  Yes    41    NUC #2  1800  383  1050  Yes 
6 
       
400  Yes    42     NUC #3  1800  383  1050  Yes 
7 
 
NUC #2  1300  383  1050  Yes    43  Morning  NUC #1  1800  257  1050  No 
8 
       
800  Yes    44      1800  257  1050  Yes 
9 
       
400  Yes    45          800  Yes 
10 
 
NUC #3  1300  383  1050  Yes    46          400  Yes 
11 
       
800  Yes    47    NUC #2  1800  257  1050  Yes 
12              400  Yes    48     NUC #3  1800  257  1050  Yes 
13  Morning  NUC #1  1300  257  1050  No    49  Morning  NUC #1  1800  131  1050  No 
14 
       
800  No    50      1800  131  1050  Yes 
15 
       
400  No    51          800  Yes 
16 
   
1300  257  1050  Yes    52          400  Yes 
17 
       
800  Yes    53    NUC #2  1800  131  1050  Yes 
18 
       
400  Yes    54     NUC #3  1800  131  1050  Yes 
19 
 
NUC #2  1300  257  1050  Yes    55  Morning  NUC #1  800  383  1050  No 
20 
       
800  Yes    56      800  383  1050  Yes 
21 
       
400  Yes    57          800  Yes 
22 
 
NUC #3  1300  257  1050  Yes    58          400  Yes 
23 
       
800  Yes    59    NUC #2  800  383  1050  Yes 
24              400  Yes    60     NUC #3  800  383  1050  Yes 
25  Morning  NUC #1  1300  131  1050  No    61  Morning  NUC #1  800  257  1050  No 
26 
       
800  No    62      800  257  1050  Yes 
27 
       
400  No    63          800  Yes 
28 
   
1300  131  1050  Yes    64          400  Yes 
29 
       
800  Yes    65    NUC #2  800  257  1050  Yes 
30 
       
400  Yes    66     NUC #3  800  257  1050  Yes 
31 
 
NUC #2  1300  131  1050  Yes    67  Morning  NUC #1  800  131  1050  No 
32 
       
800  Yes    68      800  131  1050  Yes 
33 
       
400  Yes    69          800  Yes 
34 
 
NUC #3  1300  131  1050  Yes    70          400  Yes 
35 
       
800  Yes    71    NUC #2  800  131  1050  Yes 
36              400  Yes    72     NUC #3  800  131  1050  Yes 
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Appendix F 
 
Design Drawings 
 
1.  3D Dogbone Specimen  
2.  Loading Jig – Part 1 
3.  Additional Tab section for Jig – Part 1 
4.  Loading Jig – Part 2 
5.  Additional Tab section for Jig – Part 2 
6.  Roller for Loading Jig 
7.  Cold Expanded Hole – Tensile Specimen 
a.  Specimens aligned at 0° 
b.  Specimens aligned at 90° 
c.  Specimens aligned at 45° 
8.  Stainless Steel Tensile Test Specimen 212 
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